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Abstract 
Part I: A highly selective oxidative coupling of phenols using a chromium-salen catalyst was developed. 
To probe the selectivity of the process, the mechanism and origin of selectivity was investigated through 
various mechanistic experiments. Using an oxo-Cr(V) species to conduct stoichiometric single-turnover 
experiments to probe the mechanism after the rate-determining step, the Cr(V) species was found to be 
the active catalyst of the process. Additionally, oxidation of the phenol occurred via an inner-sphere 
electron transfer, which was coupled with a proton transfer from the more acidic phenol. Selectivity was 
determined during the carbon-carbon bond-forming step. Site nucleophilicity calculations provided insight 
into the regioselectivity of the more nucleophilic phenol. Steric hinderance explained regioselectivity of 
the more oxidizable phenol, with reaction occurring at the least hindered ortho- or para- site. Although 
certain limitations exist with the process, the understanding of the mechanism allowed for the 
development of a model used predict cross-coupled products. 
Part II: The development of a selective cross-coupling of N,N-disubstituted anilines and 
aminonaphthalenes with phenols and naphthols using a chromium-salen catalyst under aerobic 
conditions was achieved. The reaction was effectively catalyzed using air as the oxidant. Single products 
were observed in most cases, but mixtures of C-C and C-O coupled products were obtained when using 
N,N-dimethylaminonaphthalene with sterically unencumbered phenols. Initial mechanistic studies give 
support for the oxo-Cr(V) species acting as the active catalyst and oxidizing the aniline/
aminonaphthalene coupling partner. The oxidization proceeds through an outer-sphere electron transfer, 
followed by nucleophilic attack by the phenol/naphthol partner. 
Part III: Methods of quantifying hydrogen bond strengths of weak hydrogen bond donors are limited. The 
use of a colorimetric sensor, 7-methyl-2-phenylimidazo[1,2-a]pyrazine-3-(7H)-one, was found to assess 
hydrogen bond strengths of weak donors using UV/Vis spectroscopy. Upon compilation of all hydrogen 
bond data obtained by our laboratory, a simplification of the method was achieved by obtaining accurate 
estimates of hydrogen bond strengths from single, double, or triple measurements instead of full 
titrations. The most accurate data was obtained from triple point measurements at 100, 1000, and 10000 
equivalents of donor. Single point measurements at 1000 equivalents provided sufficient estimates when 
limited donor was available for titration. Single point measurements can differentiate between slight 
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limitations exist with the process, the understanding of the mechanism allowed for the 
development of a model used predict cross-coupled products.  
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catalyst under aerobic conditions was achieved. The reaction was effectively catalyzed 
using air as the oxidant. Single products were observed in most cases, but mixtures of C-C 
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CHAPTER 1.  Mechanism of a Chromium-Salen Catalyzed 
Oxidative Cross-Coupling of Phenols 
 
1.1. Background 
Unsymmetrical biaryls are an important motif in organic chemistry, with examples 
found in natural products, pharmaceuticals, agrochemical, polymers, and catalysis.1,2 
Typically synthesized through metal-catalyzed cross-couplings using activated arenes to 
control regio- and chemoselectivity,3,4 development of new methods for the synthesis of 
biaryls without the need for prefunctionalization is crucial for more efficient synthesis. 
Recent advances in the direct coupling of phenols5 have been achieved in syntheses of 
 
1 Quideau, S.; Feldman, K. S. Ellagitannin Chemistry. Chem. Rev. 1996, 96, 475-504. 
2 Kocovsky, P.; Vyskocil, S.; Smrcina, M. Non-Symmetrically Substituted 1,1’-
Binaphthyls in Enantioselective Catalysis. Chem. Rev. 2003, 103, 3213-3246. 
3  (a) Beletskaya, I. P.; Cheprakov, A. V. The Heck Reaction as a Sharpening Stone of 
Palladium Catalysis. Chem. Rev. 2000, 100, 3009-3066. (b) Hassan, J.; Sevignon, M.; 
Gozzi, C.; Schulz, E; Lemaire, M. Aryl-Aryl Bond Formation One Century after the 
Discovery of the Ullman Reaction, Chem. Rev. 2002, 102, 1359-1470. (c) Miyaura, N.; 
Suzuki, A. Palladium-Catalyzed Cross-Coupling Reactions of Organoboron Compounds. 
Chem. Rev. 1995, 95, 2457-2483. 
4 (a) Esquerra, K. V. N.; Fall, Y.; Lumb, J.-P. Catalytic aerobic oxidation of halogenated 
phenols. Inorg. Chim. Acta 2018, 481, 197-200. (b) Esquerra, J. V. N.; Lumb, J.-P. 
Synthesis of ortho-Azophenols by Formal Dehydrogenative Coupling of Phenols and 
Hydrazines or Hydrazides. Chem.- Eur. J. 2017, 23, 8596-8600. (c) Esguerra, K. V. N.; 
Lumb, J.-P. A Bioinspired Catalytic Aerobic Functionalization of Phenols: Regioselective 
Construction of Aromatic C-N and C-O Bonds. ACS Catal. 2017, 7, 3477-3482. 
5 (a) Pal, T.; Pal, A.; Oxidative phenol coupling: A key step for the biomimetic synthesis 
of many important natural products. Curr. Sci. 1996, 71, 106-108. (b) Bringmann, G.; 
Gulder, T.; Gulder, T. A. M.; Breuning, M. Atroposelective Total Synthesis of Axially 
Chiral Biaryl Natural Products. Chem, Rev, 2011, 111, 563-639. (c) Jaracz, S.; Kozlowski, 
M. C.; Eun Lee. Y.; Kim, S. M. Improved Synthesis of Honokiol. World Patent 
 
2 
natural products, particularly with symmetric and intramolecular couplings; however, low 
site selectivity has been a major problem. 
Multiple methods have been developed to address the selectivity of cross-couplings of 
phenols. Waldvogel has shown that a metal-free anodic cross-coupling (Scheme 1.1a) can 
be used to achieve highly selective synthesis of partially protected unsymmetric biphenols.6 
Fluorinated solvents are required for coupling, along with electronically differentiated 
phenols in a 1:3 ratio of the more oxidizable phenol to the less oxidizable partner. This 
method was remarkably effective using mono-substituted phenols. Jeganmohan utilized 
K2S2O8 as the oxidant along with an ammonium salt to control selectivity.7 Similar 
problems exist in this method, with electronic differentiation and 1:3 substrate ratios 
 
WO/2017/070568, April 27, 2017. (d) Xu, W.; Huang, Z.; Ji, X.; Lumb, J. Catalytic 
Aerobic Cross-Dehydrogenative Coupling of Phenols and Catechols. ACS Catal. 2019, 9, 
3800-3810. (e) Huang, Z.; Lumb, J. Phenol-Directed C-H Functionalization. ACS Catal. 
2019, 9, 521-555. 
6 (a) Elsler, B.; Schollmeyer, D.; Dyballa, K. M.; Franke, R.; Waldvogel, S. R. Metal- and 
Reagent-Free Highly Selective Anodic Cross-Coupling Reaction of Phenols. Angew. 
Chem., Int. Ed. 2014, 53, 5210−5213. (b) Kirste, A.; Elsler, B.; Schnakenburg, G.; 
Waldvogel, S. R. Efficient Anodic and Direct Phenol-Arene C,C Cross-Coupling: The 
Benign Role of Water or Methanol. J. Am. Chem. Soc. 2012, 134, 3571−3576. (c) Dahms, 
B.; Franke, R.; Waldvogel, S. R. Metal- and Reagent-Free Anodic Dehydrogenative Cross-
Coupling of Naphthyl- amines with Phenols. ChemElectroChem 2018, 5, 1249−1252. (d) 
Quell, T.; Beiser, N.; Dyballa, K. M.; Franke, R.; Waldvogel, S. R. Facile and Selective 
Cross-Coupling of Phenols Using Selenium Dioxide. Eur. J. Org. Chem. 2016, 2016, 
4307−4310. (e) Riehl, B.; Dyballa, K. M.; Franke, R.; Waldvogel, S. R. Electro-organic 
Synthesis as a Sustainable Alternative for Dehydrogenative Cross-Coupling of Phenols and 
Naphthols. Synthesis 2016, 49, 252−259. (f) Dahms, B.; Kohlpaintner, P. J.; Wiebe, A.; 
Breinbauer, R.; Schollmeyer, D.; Waldvogel, S. R. Selective Formation of 4,4′ Biphenols 
by Anodic Dehydrogenative Cross- and Homo-Coupling Reaction. Chem. - Eur. J. 2019, 
25, 2713-2716. 
7 (a) More, N. Y.; Jeganmohan, M. Oxidative Cross-Coupling of Two Different Phenols; 
An Efficient Route to Unsymmetrical Biphenols. Org. Lett. 2015, 17, 3042-3045. (b) More, 
N. Y; Jeganmohan, M. Oxidative Cross-Coupling of Substituted Phenols with Unactivated 
Aromatics. Eur. J. Org. Chem. 2017, 2017, 4305-4312. (c) More, N. Y.; Jeganmohan, M. 
Solvent-controlled coupling of phenols. Chem. Commun. 2017, 53, 9616-9619. 
 
3 
required for effective coupling. Pappo has developed an effective method for cross-
coupling catalyzed by iron (Scheme 1.1b).8 Selectivity is achieved through the partnering 
of a more nucleophilic and a more oxidizable partner.8a Limitations of this method include 
2-3:1 substrate ratios, as well as a requirement for fluorinated solvents, and high molecular 
weight oxidants. Our group has also developed an effective method for cross-coupling of 
phenols using a chromium-salen catalyst.9 The method was highly regio- and 
chemoselective and utilized O2 as the terminal oxidant. Additionally, high selectivity was 
observed with electronically similar partners and partners with multiple reactive sites. The 
substrate ratios could be lowered to 1.3-1.5:1.  
Few of the methods developed are understood mechanistically. Waldvogel has shown 
that cross-coupling is achieved by oxidation of a phenol by a boron-doped diamond anode, 
which is trapped by an electron-rich arene to afford the product.6a Pappo has suggested the 
complementarity of global nucleophilic and oxidizability of partners to explain selectivity. 
Furthermore, depending on the iron source, a radical/anion8a or radical/radical8b 
mechanism is invoked. We have found that the mechanistic proposal from Pappo invoking 
 
8 (a) Libman, A.; Shalit, H.; Vainer, Y.; Narute, S.; Kozuch, S.; Pappo, D. Synthetic and 
Predictive Approach to Unsymmetrical Biphenols by Iron-Catalyzed Chelated Radical-
Anion Oxidative Coupling. J. Am. Chem. Soc. 2015, 137, 11453−11460. (b) Shalit, H.; 
Libman, A.; Pappo, D. meso-Tetraphenylporphyrin Iron Chloride Catalyzed Selective 
Oxidative Cross-Coupling of Phenols. J.Am. Chem. Soc. 2017, 139, 13404-13413. 
9 Lee, Y. E.; Cao, T.; Torruellas, C.; Kozlowski, M. C. Selective Oxidative Homo- and 




global nucleophilicity10 falls short in explaining many examples where cross-coupling is 
achieved using our chromium-salen system. 
Scheme 1.1. Examples of Cross-Coupling of Phenols by Employing Different Methods. 
Adapted with permission from J. Am. Chem. Soc. 2019, 141, 10016-10032. Copyright 
2019 American Chemical Society. 
 
 
10 Narute, S.; Parnes, R.; Toste, F. D.; Pappo, D. Enantioselective Oxidative Homocoupling 
and Cross-Coupling of 2-Naphthols Catalyzed by Chiral Iron Phosphate Complexes. J. Am. 
Chem. Soc. 2016, 138, 16553-16560. 
a) Metal-Free cross-coupling of partially protected phenols (Waldvogel)
b) Fe-catalyzed selective cross-coupling (Pappo)
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5 
With the goal of understanding the selectivity seen in our method to synthesize products 
of interest (Chart 1.1)11, we sought to understand the mechanism of the chromium-salen-
Cy catalyzed cross-coupling of phenols. Specifically, mechanistic information would allow 








11 (a) Park, J.; Lee, J.; Jung, E.; Park, Y.; Kim, K.; Park, B.; Jung, K.; Park, E.; Kim, J.; 
Park, D. In vitro antibacterial and anti- inflammatory effects of honokiol and magnolol 
against Propionibac- terium sp. Eur. J. Pharmacol. 2004, 496, 189−195. (b) Kim, Y.-S.; 
Lee, J.-Y.; Park, J.; Hwang, W.; Lee, J.; Park, D. Synthesis and Microbiological Evaluation 
of Honokiol Derivatives as New Antimicrobial Agents. Arch. Pharmacal Res. 2010, 33, 
61−65. (c) Jones, J. R.; Lebar, M. D.; Jinwal, U. K.; Abisambra, J. F.; Koren, J., III; Blair, 
L.; O’Leary, J. C.; Davey, Z.; Trotter, J.; Johnson, A. G.; Weeber, E.; Eckman, C. B.; 
Baker, B. J.; Dickey, C. A. The Diarylheptanoid (+)-aR,11S-Myricanol and Two Flavones 
from Bayberry (Myrica cerifera) Destabilize the Microtubule-Associated Protein Tau. J. 
Nat. Prod. 2011, 74, 38−44. (d) Calcul, L.; Jinwal, U. K.; Dickey, C. A.; Baker, B. J. The 
Diarylheptanoid(+)-S-myricanol from Myrica cerifera (Bayberry) and Its Derivatives 
Destabilize the Microtubule-Associated Protein Tau. Planta Med. 2012, 78, PI472. (e) 
Tasler, S.; Bringmann, G. Biarylic Biscarbazole Alkaloids: Occurrence, Stereochemistry, 
Synthesis, and Bioactivity. Chem. Rec. 2002, 2, 113−126. (f) Wube, A. A.; Bucar, F.; 
Asres, K.; Gibbons, S.; Adams, M.; Streit, B.; Bodensieck, A.; Bauer, R. Knipholone, a 
selective inhibitor of leukotriene metabolism. Phytomedicine 2006, 13, 452−456. (g) 
Tamehiro, N.; Sato, Y.; Suzuki, T.; Hashimoto, T.; Asakawa, Y.; Yokoyama, S.; 
Kawanishi, T.; Ohno, Y.; Inoue, K.; Nagao, T.; Nishimaki-Mogami, T. Riccardin C: A 
natural product that functions as a liver X receptor (LXR)α agonist and an LXRβ 
antagonist. FEBS Lett. 2005, 579, 5299−5304 
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Chart 1.1. Examples of Unsymmetrical Biaryl Natural Products. Adapted with 
permission from J. Am. Chem. Soc. 2019, 141, 10016-10032. Copyright 2019 American 
Chemical Society. 
 
1.2. Substrate Scope 
The developed method was effective at coupling various phenol substrates under 
aerobic conditions (Figure 1.1). Phenols with alkyl, electron-donating, and weakly 
electron-withdrawing substituents coupled well. 2,6-Disubstituted phenols coupled with 
phenols with available ortho positions to afford ortho-para bisphenols (9-15). The 
formation of these products hindered binding to the chromium catalyst, preventing 
formation of trimers from over-oxidation of the product. Trimer formation is observed 
when para-para products are obtained because of the ability of the resultant unhindered 





































Figure 1.1. Scope and yields of oxidative cross-coupling of phenols using the 
Chromium-Salen-Cy catalyst. Adapted with permission from J. Am. Chem. Soc. 2019, 
141, 10016-10032. Copyright 2019 American Chemical Society. 
Reactions of phenols and 2-naphthol derivatives also occur in good yields (16-20). 
Bromo and methoxy substituents on the naphthol were tolerated in our method. Trimer 
formation was observed when using hydroxynaphthol (21). However, this method did not 
extend to all phenols. Amino (oxidation of the nitrogen interferes) and electron-
withdrawing substituents (oxidation potentials were too high for reaction to occur) were 
not tolerated using our method. The conditions were straightforward, requiring only 
























































































































showed that a range of solvents were effective including dichloroethane, dichloromethane, 
benzene, toluene, and dichlorobenzene. To understand the high selectivity observed using 
our method, mechanistic studies were undertaken.  
1.3. Reactivity of Oxochromium(V) Salen and µ-Oxochromium Salen 
Dimer 
Previous work undertaken by Dr. Young Eun Lee and Dr. Sun Min Kim studying the 
kinetics of the catalytic process showed that the rate-determining step of the process was 
the oxidation of the chromium-salen catalyst by oxygen. Their work also revealed a red 
shift in the UV/Vis spectrum of the Cr(III) species when heated in the presence of oxygen, 
consistent with oxidation of the Cr(III) to the oxo-Cr(V) species.12 
To gain insight into the nature of the active catalyst, we investigated the oxidation state 
of the catalyst that causes phenol oxidation. Literature reports show the chromium-salen 
catalyst will undergo oxidation by a variety of oxidants to give oxo-Cr(V) species.13,14 The 
 
12 (a) Premsingh, S.; Venkataramanan, N. S.; Rajagopal, S.; Mirza, S. P.; Vairamani, M.; 
Rao, P. S.; Velavan, K. Electron Transfer Reaction of Oxo(salen)chromium(V) Ion with 
Anilines. Inorg. Chem. 2004, 43, 5744−5753. (b) Siddall, T. L.; Miyaura, N.; Huffman, J. 
C.; Kochi, J. K. Isolation and molecular structure of unusual oxochromium(V) cations for 
the catalytic epoxidation of alkenes. J. Chem. Soc., Chem. Commun. 1983, 1, 1185-1186. 
13 Woo, L. K. Intermetal oxygen, sulfur, selenium, and nitrogen atom transfer reactions. 
Chem. Rev. 1993, 93, 1125-1136. 
14 (a) Venkataramanan, N. S.; Premsingh, S.; Rajagopal, S.; Pitchumani, K. Electronic and 
Steric Effects on the Oxygenation of Organic Sulfides and Sulfoxides with 
Oxo(salen)chromium(V) Complexes. J. Org. Chem. 2003, 68, 7460−7470. (b) O’Reilly, 
M. E.; Del Castillo, T. J.; Falkowski, J. M.; Ramachandran, V.; Pati, M.; Correia, M. C.; 
Abboud, K. A.; Dalal, N. S.; Richardson, D. E.; Veige, A. S. Autocatalytic O2 Cleavage 
by an OCO3- Trianionic Pincer CrIII Complex: Isolation and Characterization of the 
Autocatalytic Intermediate [Cr(IV)]2(μ-O) Dimer. J. Am. Chem. Soc. 2011, 133, 
13661−13673. (c) Bryliakov, K. P.; Talsi, E. P. Cr(III)(salen)Cl Catalyzed Asymmetric 
Epoxidations: Insight into the Catalytic Cycle. Inorg. Chem. 2003, 42, 7258−7265. (d) 
Daly, A. M.; Renehan, M. F.; Gilheany, D. G. High Enantioselectivities in an (E)-Alkene 
Epoxidation by Catalytically Active Chromium Salen Complexes. Insight into the 
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formation of the µ-oxo-Cr complex (Cr-O-Cr) occurs when an oxo-Cr(V) species interacts 
with a Cr(III) species.14b,d Talsi and co-workers defined the oxidation state of the binuclear 
species as 5+/3+, and proposed the binuclear complex will interconvert with oxo-Cr(V) 
and Cr(III) species.14c  
To determine the active species of the catalyst, stoichiometric experiments were 
conducted using the oxo-Cr(V) species (Table 1.1, entries 1-2). Synthesis of the oxo-Cr(V) 
was carried out by treatment of the Cr(III) species with iodosobenzene.15 The addition of 
oxo-Cr(V) species led to formation of proportional amounts of cross-coupled products. 
These results suggest that the Cr(V) acts as a two-electron oxidant going from Cr(V) to 
Cr(III). Combining these results with the results obtained by Dr. Yexenia Nieves-Quinones 
using the µ-oxo-Cr complex (Table 1.1, entries 3-4), which was formed from heating oxo-
Cr(V) with Cr(III) at 80 °C, showed that no product was observed from the µ-oxo-Cr 
complex after 24 hours. Product was only observed upon heating the µ-oxo-Cr complex to 
80 °C, which lends support that the µ-oxo-Cr complex interconverts with the active oxo-
Cr(V) species and Cr(III). 
 
 
Catalytic Cycle. Org. Lett. 2001, 3, 663−666. (e) McGarrigle, E. M.; Gilheany, D. G. 
Chromium- and Manganese- salen Promoted Epoxidation of Alkenes. Chem. Rev. 2005, 
105, 1563− 1602. (f) Acevedo, O.; Jorgensen, W. L. Cope Elimination: Elucidation of 
Solvent Effects from QM/MM Simulations. J. Am. Chem. Soc. 2006, 128, 6141−6146. (g) 
Joergensen, K. A. Transition- metal-catalyzed epoxidations. Chem. Rev. 1989, 89, 431-
458. 
15 Venkataramanan, N. S.; Rajagopal, S. Effect of added donor ligands on the selective 




Table 1.1. Stoichiometric Experiments Using Oxochromium(V) and µ-
Oxochromium Complexes.  
 
entry [Cr]  (equiv) 
temp 
(ºC) time (h) Conversion 
1 Cr [V] (0.1) 25 3 10 % 
2 Cr [V] (0.5) 25 1 38 % 
3 Cr [V] (0.5) + Cr [III] (1.0) 25 24 0 % 
4 Cr [V] (0.5) + Cr [III] (1.0) 80 24 12 % 
Dr. Yexenia Nieves-Quinones conducted entries 3 and 4. Reprinted with permission from 
J. Am. Chem. Soc. 2019, 141, 10016-10032. Copyright 2019 American Chemical Society. 
1.4. Interaction of Phenol with oxo-Cr(V) Species 
To investigate the mechanism of the reaction after the rate-determining step (oxidation 
of chromium-salen catalyst), single turnover experiments using the oxo-Cr(V) species were 
undertaken. Fortunately, the addition of substrate to the oxo-Cr(V) resulted in a drastic 
color change from green to orange. This color change is associated with the loss of the oxo-
Cr(V) species as it returns to the Cr(III) species. Therefore, UV/Vis spectroscopy could be 






















Figure 1.2. UV/Vis spectral changes observed for the homo-coupling of 8 with Cr(V) in 
MeCN. Adapted with permission from J. Am. Chem. Soc. 2019, 141, 10016-10032. 
Copyright 2019 American Chemical Society. 
We set out to determine the process by which phenol is oxidized by the oxo-Cr(V) 
through consideration of various mechanisms. Potential plausible mechanisms include 
outer sphere oxidations involving hydrogen atom abstraction, proton-coupled electron 
transfer, or electron-coupled proton transfer, and inner sphere oxidations involving 
coordination of the phenol to the chromium. 
1.5. Deuterium Kinetic Isotope Effect Studies 
To investigate the hydrogen atom abstraction mechanism, deuterium kinetic isotope 
effects were measured. Parallel deuterium KIE experiments were conducted for the 
homocoupling reaction of proto- and deutero-3,4,5-trimethylphenol (Scheme 2). The ortho 
positions were also deuterated to avoid scrambling of the deuterium through 






















atom transfer because typical KIE values of hydrogen atom abstractions of phenols are 1.2-
5.9.16 
Scheme 1.2. Deuterium KIEs for the Homo-coupling of 8 by Oxochromium(V). 
 
Reprinted with permission from J. Am. Chem. Soc. 2019, 141, 10016-10032. Copyright 
2019 American Chemical Society. 
1.6. Oxidation Rate of Different Phenols 
Dr. Young Eun Lee conducted experiments to probe the effect of radical inhibitors on 
the reaction and found that radical inhibitors have no effect on conversion or selectivity, 
which contraindicates free radicals in the process. The results suggest that outer sphere 
oxidations of the phenols do not occur.  
To probe the mechanism of phenol oxidation by coordination to the chromium, the rate 
of oxidation of 2,6-substituted phenols was determined (Figure 1.3). The results showed 
that oxidation decreased as steric bulk increased. However, the trend that was observed 
coincides with oxidation potentials of the phenols analyzed as well. Upon closer analysis, 
it was found that 2,6-dimethoxyphenol does not fall into a linear relationship with oxidation 
 
16 (a) Osako, T.; Ohkubo, K.; Taki, M.; Tachi, Y.; Fukuzumi, S.; Itoh, S. Oxidation 
Mechanism of Phenols by Dicopper-Dioxygen (Cu2/O2) Complexes. J. Am. Chem. Soc. 
2003, 125, 11027−11033. (b) Kundu, S.; Miceli, E.; Farquhar, E. R.; Ray, K. Mechanism 
of phenol oxidation by heterodinuclear Ni Cu bis(ε-oxo) complexes involving nucleophilic 
oxo groups. Dalton Trans. 2014, 43, 4264− 4267. (c) Lansky, D. E.; Goldberg, D. P. 
Hydrogen Atom Abstraction by a High-Valent Manganese(V)-Oxo Corrolazine. Inorg. 




















rate or potential using Hammett parameters. It appears that steric hinderance does play a 
role in rate of oxidation of phenol, suggesting that coordination needs to occur for 
oxidation. Additionally, the oxidation potential of the Cr(V) species was found to be -1.64 
eV, which is the limit of phenol reactivity. 
 
Figure 1.3. Absorbance decay profiles of Cr(V) to Cr(III) in MeCN at 633 nm in the 
presence of 2,6-disubstituted phenol (0.5 mM, 2 equiv). Adapted with permission from J. 
Am. Chem. Soc. 2019, 141, 10016-10032. Copyright 2019 American Chemical Society. 
1.7. Oxo-Chromium(V) Single Turnover Kinetics 
As mentioned above, UV/Vis spectroscopy could be used to monitor the loss of oxo-
Cr(V) during a reaction. This technique allowed investigation of the kinetics of the process 
after the rate-determining step. Single turnover experiments were thus conducted to 
determine the rate orders of each substrate and oxo-Cr(V) (Figure 1.4). 
Oxo-Cr(V). Monitoring the consumption of oxo-Cr(V) was done at various 
concentrations (0.125, 0.0875, 0.0625, and 0.0375 mM) while holding the concentrations 

























reaction is first order with respect to oxo-Cr(V). This is further supported by the linear 
correlation of rate versus [Cr(V)]1 (Figure 1.4a). 
3,4,5-Trimethylphenol. Using a similar method, the pseudo rate order was determined 
of 3,4,5-trimethylphenol by varying its concentration (0.25, 0.175, and 0.125 mM) while 
keeping the concentration of oxo-Cr(V) and 2,6-di-tert-butylphenol constant. A rate versus 
[3,4,5-trimethylphenol]1 (Figure 1.4b) showed a linear correlation, suggesting a first order 
rate. A double ln plot further supported this finding. However, a nonzero y-intercept was 
observed, which can be attributed to oxidation of the less oxidizable 2,6-di-tert-butylphenol 
that is present in excess. 
2,6-Di-tert-butylphenol. A similar experiment was carried out to determine the order 
of 2,6-di-tert-butylphenol. However, a zero rate order was observed because UV/Vis 
spectroscopy only monitored the oxidation of the first electron associated with the Cr(V) 
to Cr(III) transition and not product formation [Cr(IV) and Cr(III) have similar absorption 
constants at the wavelength monitored].  
A method for monitoring product formation directly was thus required, and gas 
chromatography was found to be suitable. The pseudo rate order was measured by 
monitoring product formation while varying the concentration of 2,6-di-tert-butylphenol 
(0.41, 0.82, and 1.65 mM) and holding the concentration of oxo-Cr(V) and 3,4,5-
trimethylphenol constant. A plot of rate versus [2,6-di-tert-butylphenol]1 (Figure 1.4c) 








Figure 1.4. Stoichiometric kinetics for the cross-coupling reaction by monitoring loss of 
oxo-Cr(V) salen. (a) Correlation between reaction rate and concentration of Cr(V) (0.125, 
0.0875, 0.0625, and 0.0375 mM) using an excess of 7 and 8 (2.5 mM). (b) Correlation 
between reaction rate and concentration of 8 (0.25, 0.175, and 0.125 mM) with excess 7 
(2.5 mM) and Cr(V) (0.25 mM).  (c) Correlation between reaction rate and concentration 
of 7 (0.41, 0.82, and 1.65 mM) using an excess of 8 (4.1 mM) and Cr(V) (0.41 mM). 
 
16 
Kinetics were measured using GC. Reprinted with permission from J. Am. Chem. Soc. 
2019, 141, 10016-10032. Copyright 2019 American Chemical Society. 
The kinetic results suggest that the selectivity-determining step is the C-C bond 
formation. However, because of contradictory results when using UV/Vis spectroscopy 
and gas chromatography, additional experiments were conducted to give further support 
for our findings. Dr. Yexenia Nieves-Quinones modeled the system computationally and 
conducted 13C native abundance kinetic isotope effects experiments. Her findings 
supported the selectivity-determining step being the C-C bond formation.  
1.8. Role of Phenol Hydroxy Group 
To investigate the importance of a free hydroxy group in the substrates, comparisons 
of reactivity between TMS-protected phenols and free phenols were performed (Scheme 
1.3). When both substrates contain free hydroxy groups, high yield of cross-coupled 
product is seen. However, the results revealed that TMS-protection of either partner 












Scheme 1.3. The Role of the Free Hydroxy Group on Phenol 
 
Dr. Yexenia Nieves-Quinones conducted experiment c. Reprinted with permission from 
J. Am. Chem. Soc. 2019, 141, 10016-10032. Copyright 2019 American Chemical Society. 
The requirement of both substrates containing free hydroxyl groups is not initially 
obvious. The phenol that coordinates to the chromium must contain a free hydroxy group 
for this binding to occur; however, nucleophilic attack from the other phenol could occur 
without a free hydroxy. In this system, the requirement of a hydroxyl group on the second 
phenol is consistent with deprotonation of this species. 
To test this theory, experiments were performed to determine the effect of acid and 
base on the reaction (Table 1.2). Three parallel experiments were run using no additive, 
acetic acid (2 equiv), and 2,6-di-tert-butyl-4-methylpyridine (2 equiv). The addition of acid 
was found to completely suppress product formation. A hindered base that is not capable 
of binding the chromium center was found to support product formation, in line with a 




































potassium tert-butoxide, potassium hydroxide, and potassium carbonate, led to 
decomposition.  
Table 1.2. Acid and Base Effects. 
 
entry additive NMR yield (%) 
1 None 78 
2 Acetic Acid (2 equiv) 0 
3 2,6-Di-tert-butyl-4-
methylpyridine (2 equiv) 
96 
 
Reprinted with permission from J. Am. Chem. Soc. 2019, 141, 10016-10032. Copyright 
2019 American Chemical Society. 
The higher yield seen with base versus no additive was puzzling as the rate-determining 
step is the oxidation of Cr(III). In this particular case, it was found that less decomposition 
occurred with base, and homo-coupling was suppressed. To assess whether the phenoxide 
formation would indeed accelerate coupling, base was added to a reaction using 
stoichiometric oxo-Cr(V). The reaction with base was found to be substantially faster (<1 
min vs 30 min) providing further support for a deprotonation event. 
1.9. Heavy Atom Effect 
During reaction pathway calculations performed by Dr. Yexenia Nieves-Quinones, it 
was found that an intersystem crossing was required to access an energetically feasible 
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transitions from the doublet to the quartet spin state, heavy atom additive experiments were 
conducted. The addition of iodobenzene to a reaction using stoichiometric oxo-Cr(V) did 
accelerate the reaction, which is consistent with an intersystem crossing (see Section 
1.15).17 
1.10. Overall Mechanism 
The mechanism outlined is consistent with experimental data (Figure 1.5). The rate-
determining step of the reaction is the oxidation of the Cr(III) salen catalyst to the active 
oxo-Cr(V) species. The selectivity-determining step involving the Cr(V) and phenol 
substrates is C-C bond formation. 
 
 
17 Brandt, P.; Norrby, P.-O.; Daly, A. M.; Gilheany, D. G. Chromium-Salen-Mediated 
Alkene Epoxidation: A Theoretical and Experimental Study Indicates the Importance of 





Figure 1.5. Proposed catalytic cycle for cross-coupling of phenols. Reprinted with 
permission from J. Am. Chem. Soc. 2019, 141, 10016-10032. Copyright 2019 American 
Chemical Society. 
The selectivity of the process is governed by two steps. First, a less hindered 
unencumbered phenol is better able to coordinate to the chromium and undergo oxidation. 
A proton transfer to the catalyst occurs from the second phenol if it is more acidic than the 
first phenol. Calculations of the gas phase acidities of the phenols, performed by Dr. Sergei 
Tcyrulnikov, reveal which phenol is more likely to be deprotonated during this step. The 
deprotonated phenoxide will then undergo nucleophilic attack on the bound oxidized 
phenol to form the C-C bond. Upon bond formation, release of the adduct regenerates the 











































































The regioselectivity of the process is determined by two criteria. For the more 
oxidizable phenol, the nucleophilic attack will occur at the less sterically hindered position 
whether it be ortho or para. The regioselectivity of the more nucleophilic phenol is more 
complicated. Global nucleophilicity has been invoked by Pappo8a to explain which phenol 
will act as the nucleophile; however, this explanation is not consistent with all results and 
does not explain which position on that phenol will react. Site nucleophilicity calculations 
performed by Dr. Sergei Tcyrulnikov provide better insight than global nucleophilicities 
regarding which position will react. If two react sites are available on a single phenol, the 
more nucleophilic site will react. 
1.11. Predictions from the Model 
After determining a detailed mechanism for the reaction, we were eager to test the 
validity of the mechanism by attempting to predict cross-coupling outcomes (Figure 1.6). 
2,6-Disubstituted phenols have been shown to react readily to form cross-coupled products. 
An attempt to move toward 2-substituted phenols was done by reacting 2-tert-butylphenol 
with 2,4-dimethylphenol. Of the coupling partners, the 2,4-dimethylphenol is predicted to 
coordinate and oxidize more easily. By looking at site nucleophilicities only, homo-
coupling is expected; however, calculated acidities reveal that the 2-tert-butylphenol is in 
fact more acidic, which would make the negatively charged phenoxide the more 
nucleophilic partner. Additionally, the para position is found to be more nucleophilic. It is 
expected that para-ortho coupling would occur, which was subsequently confirmed 
experimentally (22).  
Our model predicts that coupling on the more oxidizable phenol will occur at the less 
sterically hindered ortho or para position. This trend was initially seen in work done Dr. 
 
22 
Young Eun Lee, where para-para products were obtained with attack occurring at the less 
sterically hindered para position. Attempts were made to synthesize para-ortho products, 
where attack would occur at a less sterically hindered ortho position. Multiple products 
were synthesized to validate this proposal (23-25). 
Attempts to investigate the effect of varying the electronics of coupling partners were 
undertaken as well. Additional hydroxy groups on the phenol are tolerated in the reaction. 
2,5-Dimethylresorcinol is more oxidizable than 2,6-di-tert-butylphenol, while the latter is 
more acidic, which leads to cross-coupled product (26). Additionally, ortho-halogen 
substituents were also tolerated with 2-bromo-4-tert-butylphenol coupling nicely with 2,6-
di-tert-butylphenol (27). This result, in particular, shows the broader applicability of this 







Figure 1.6. Examples of cross-coupled products for which the regioselectivity could be 
predicted. Adapted with permission from J. Am. Chem. Soc. 2019, 141, 10016-10032. 
Copyright 2019 American Chemical Society. 
1.12. Limitations in Reactivity Anticipated from the Model 
The developed model has shown the ability to predict successful cross-couplings as 
well as the regioselectivity, based on electronics, sterics, acidities, and site nucleophilicities 
of the phenols. However, limitations do exist with our system when the criteria outlined 
previously are not met (Figure 1.7). One example is if the more oxidizable partner is also 
the most acidic, and therefore, the most nucleophilic. This combination will result only in 
homo-coupling being observed as is the case with 3,4,5-trimethylphenol and 2,5-
dimethylresorcinol (Figure 1.7a). Another limitation occurs when one of the coupling 
partners is too electron-deficient to be oxidized by the oxo-Cr(V) species. Such phenols are 




















































hydroxybenzoate, where only homo-coupling of 2,6-di-tert-butylphenol was observed 
when the two were subjected to the reaction conditions (Figure 1.7b). The formation of 
homo-coupled products may be due to a different oxidation pathway due to the inability of 
the 2,6-di-tert-butylphenol to bind to the chromium center. Finally, from the calculation 
data obtained by Dr. Yexenia Nieves-Quinones, if the transition state barriers between the 
homo- and cross-coupling pathways are not sufficiently large, a mixture of products will 
be observed, which Dr. Yexenia Nieves-Quinones found when reacting 2,6-
dimethylphenol with 3,4,5-trimethylphenol (Figure 1.7c). Notably, the ratio was in line 






Figure 1.7. Reactions that did not afford cross-coupled products. aIsolated yields. Dr. 
Yexenia Nieves-Quinones conducted experiment c. Reprinted with permission from J. 
Am. Chem. Soc. 2019, 141, 10016-10032. Copyright 2019 American Chemical Society. 
1.13. Bioactivity of Biaryl Compounds 
Bisphenolic compounds, including honokiol, have been shown to possess antibacterial 
properties against S. mutans.18,19 Our group has previously developed a concise synthesis 
 
18 Sakaue, Y.; Domon, H.; Oda, M.; Takenaka, S.; Kubo, M.; Fukuytama, Y.; Okiji, T.; 
Terao, Y. Anti-biofilm and bactericidal effects of magnolia bark-derived magnolol and 
honokiol on Streptococcus muatns. Microbiol. Immunol. 2016, 60, 10-16. 
19 Greenberg, M.; Dobbs, M.; Tian, M. Naturally Occurring Phenolic Antibacterial 
Compounds Show Effectiveness against Oral Bacteria by a Quantitative Structure-Activity 
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of honokiol using oxidative phenolic coupling.5c Upon synthesis of many of the cross-
coupled phenolic compounds using our chromium-catalyzed method, investigation into the 
antibacterial properties of a representative group of products was undertaken in 
collaboration with the Wuest group.  
Determination of minimum inhibitory concentrations (MIC) and minimum bactericidal 
concentration (MBC) by the Wuest group revealed interesting trends (Table 1.3). MIC 
values represent the concentration (µM) needed to kill half the bacteria present. MBC data 
was obtained for compounds with >32 µM MIC. MBC is the concentration needed to kill 
all bacteria and was obtained for the compounds with the best MIC activity. The 
bisphenolic compounds tested showed no to very weak activity against S. mutans, S. 
sanguinis, and S. gordonii as seen by MICs. Only 26 showed good activity with MICs of 
32 µM and MBC of 63 µM. Greater activity was observed with naphthol-containing 
biaryls, with only 17 showing no activity. Compound 16 was found to possess the lowest 
MICs against the bacteria screened, including 4 µM against S. sanguinis. It was found that 
19 had the lowest MBC at 32 µM. Future work is planned to determine whether these 










Table 1.3. Summary of MIC and MBC Values for Analogs 







10 >250 >250 >250 - 
11 >250 >250 >250 - 
15 >250 125 125 - 
16 8 4 16 125 
17 >250 >250 >250 - 
19 16 8 16 32 
20 125 63 125 - 
21 63 16 32 - 
26 32 32 32 63 
Antibacterial data was obtained by the Wuest group. Adapted with permission from ACS 
Infect. Dis. 2018, 4, 118-122. Copyright 2017 American Chemical Society. 
1.14. Summary 
In an attempt to understand fully the origin of selectivity of the chromium-salen-
catalyzed phenol cross-coupling, the mechanism of the process was investigated. The 
method was found to produce highly selective cross-coupled products that could not be 
explained from previously published mechanistic work. Previous work showed the rate-
determining step was the oxidation of the Cr(III) catalyst by O2. The oxo-Cr(V) species 
was found to be the active species in the process, which would oxidize phenols through an 
inner-sphere oxidation after coordination to the chromium. It was also found that the 
selectivity-determining step was the C-C bond formation. This step was facilitated by the 
deprotonation of the more acidic phenol. With the mechanism better understood, a 







Experimental Procedures for Cross-Coupling of Phenols 
 
General Procedure: To a 10 mL microwave vial was added phenol A (0.15 mmol), 
phenol B (0.1 mmol), and Cr-Salen-Cy catalyst (0.01 mmol). The vial was sealed with a 
septum and ClCH2CH2Cl (2.5 mL) was added. Oxygen was added via active purge. The 
septum was replaced with a crimping cap and the vessel was sealed and stirred for the 
indicated time at temperature. The reaction mixture was filtered through a plug of silica 
and the resultant material was concentrated in vacuo and chromatographed using 10-20% 
EtOAc/hexane to afford the ortho-para biphenol.  
 
3',5'-Di-tert-butyl-4,5,6-trimethyl-[1,1'-biphenyl]-2,4'-diol (9). Following the General 
Procedure for 7 h at 60 °C, the ortho-para product was obtained as a white solid (0.0289 






















3’,5’-Diisopropyl-4,5,6-trimethyl-[1,1’-biphenyl]-2,4’-diol (10). Following the 
General Procedure for 2 d at 70 °C, the cross-coupled product was obtained as a white solid 
(0.0071 g, 0.0227 mmol) in a 23% yield: 1H NMR (500 MHz, CDCl3) δ 6.93 (s, 2H), 6.72 
(s, 1H), 4.90 (s, 1H), 4.73 (s, 1H), 3.19 (sept, J = 7.0 Hz, 2H), 2.30 (s, 3H), 2.16 (s, 3H), 
2.00 (s, 3H), 1.27-1.25 (m, 12H); 13C NMR (125 MHz, CDCl3) δ 150.5, 149.7, 136.7, 
135.5, 134.7, 127.7, 126.8, 126.6, 125.7, 113.6, 27.2, 22.8, 22.7, 20.8, 17.8, 15.4; IR (neat) 
3426, 2960, 2927, 2870, 1589, 1465, 1383, 1363, 1292, 1251, 1199, 1173, 1150, 1112, 
1042, 938, 882, 786, 726, 660 cm-1; HRMS (ESI-TOF) m/z = 313.2168 calc for C21H29O2 
[M+H]+, found 313.2191.  
 
3’-Allyl-5’-(tert-butyl)-4,5,6-trimethyl-[1,1’-biphenyl]2,4’-diol (11). Following a 
slightly modified procedure, phenol A (0.5 mmol), phenol B (0.1 mmol), and Cr-Salen-Cy 
(0.01 mmol) in ClCH2CH2Cl (2.5 mL) were heated at 50 °C for 1 d, and the cross-coupled 
product was obtained as a yellow solid (0.0113 g, 0.0348 mmol) in a 33% yield: 1H NMR 
(500 MHz, CDCl3) δ 7.05 (d, J = 2.0 Hz, 1H), 6.87 (d, J = 2.0 Hz, 1H), 6.71 (s, 1H), 6.09-













(s, 3H), 2.16 (s, 3H), 2.00 (s, 3H), 1.40 (s, 9H); 13C NMR (125 MHz, CDCl3) δ 153.4, 
150.7, 138.0, 136.9, 136.2, 135.7, 130.2, 128.2, 127.3, 127.0, 126.4, 126.0, 117.7, 113.8, 
36.4, 35.0, 29.9, 21.0, 18.0, 15.5; IR (neat) 3532, 2956, 2925, 2870, 1600, 1443, 1391, 
1362, 1201, 1087, 1037, 999, 919, 798, 748, 701 cm-1; HRMS (EI-TOF) m/z = 324.2089 
calc for C22H28O2 [M]+, found 324.2095. 
 
3',5'-Di-tert-butyl-4,6-dimethoxy-5-methyl-[1,1'-biphenyl]-2,4'-diol (12). Following 
the General Procedure for 2 d at 70 °C, the cross-coupled product was obtained as a white 
solid (0.0096 g, 0.0258 mmol) in an 25% yield: 1H NMR (500 MHz, CDCl3) δ 7.16 (s, 
2H), 6.38 (s, 1H), 5.29 (s, 1H), 5.11 (s, 1H), 3.83 (s, 3H), 3.37 (s, 3H), 2.11 (s, 3H), 1.46 
(s, 18H). 
 
3,3',5,5'-Tetra-tert-butyl-[1,1'-biphenyl]-2,4'-diol (13). Following the General 
Procedure for 15 h at 50 °C, the ortho-para product was obtained as a yellow solid (0.0313 















3',5'-Di-tert-butyl-3,5-dimethyl-[1,1'-biphenyl]-2,4'-diol (14). Following the General 
Procedure for 15 h at 80 °C, the ortho-para product was obtained as a yellow amorphous 
solid (0.0261 g, 0.0799 mmol) in 83% yield. Spectral data were in agreement with those 
reported.9 
 
3’-Allyl-5’-(tert-butyl)-5-methyl-[1,1’-biphenyl]2,4’-diol (15). Following a slightly 
modified procedure, phenol A (0.5 mmol), phenol B (0.1 mmol), and Cr-Salen-Cy (0.01 
mmol) in ClCH2CH2Cl (2.5 mL) were heated at 50 °C for 20 h, and the cross-coupled 
product was obtained as a red-orange amorphous solid (0.0109 g, 0.0368 mmol) in 28% 
yield: 1H NMR (500 MHz, CDCl3) δ 7.25 (d, J = 2.8 Hz, 1H), 7.07 (d, J = 2.2 Hz, 1H), 
7.04-7.02 (m, 2H), 6.87 (d, J = 7.9 Hz, 1H), 6.08-6.02 (m, 1H), 5.34 (s, 1H), 5.31-5.26 (m, 
2H), 5.13 (s, 1H), 3.46 (d, J = 6.0 Hz, 2H), 2.31 (s, 3H), 1.43 (s, 9H); 13C NMR (125 MHz, 
CDCl3) δ 153.4, 150.3, 137.9, 135.9, 130.6, 129.8, 129.1, 128.7, 128.7, 128.1, 126.6, 125.9, 
117.7, 115.3, 36.3, 34.9, 29.8, 20.5; IR (neat) 3533, 2954, 2919, 2867, 1497, 1471, 1449, 
1392, 1361, 1323, 1253, 1230, 1209, 1175, 1125, 999, 919, 876, 815, 712 cm-1; HRMS 













6-Bromo-1-(3,5-di-tert-butyl-4-hydroxyphenyl)naphthalen-2-ol (16). Following the 
General Procedure for 2 d, the cross-coupled product was obtained as a red-orange solid 
(0.0378 g, 0.0886 mmol) in a 88% yield: 1H NMR (500 MHz, CDCl3) δ 7.95 (d, J = 2.0 
Hz, 1H), 7.68 (d, J = 9.0 Hz, 1H), 7.41 (dd, J = 9.0 Hz, 2.0 Hz, 1H), 7.34 (d, J = 9.0 Hz, 
1H), 7.28 (d, J = 8.5 Hz, 1H), 7.16 (s, 2H), 5.41 (s, 1H), 5.35 (s, 1H), 1.47 (s, 18H); 13C 
NMR (125 MHz, CDCl3) δ 154.3, 150.9, 137.5, 132.4, 130.2, 130.0, 129.7, 128.2, 127.6, 
127.0, 124.0, 122.3, 118.4, 117.0, 34.7, 30.5; IR (neat) 3632, 3527, 2958, 1615, 1588, 1502, 
1437, 1403, 1377, 1362, 1340, 1309, 1236, 1174, 1148, 1120, 958, 885, 821, 511 cm-1; 
HRMS (ESI-TOF) m/z = 425.1116 calc for C24H26BrO2 [M-H]–, found 425.1141. 
 
6-Bromo-1-(4-hydroxy-3,5-diisopropylphenyl)naphthalen-2-ol (17). Following 
General Procedure for 2 d, the cross-coupled product was obtained as a light orange solid 
(0.0314 g, 0.0786 mmol) in a 72% yield: 1H NMR (500 MHz, CDCl3) δ 7.95 (d, J = 2.0 
Hz, 1H), 7.69 (d, J = 9.0 Hz, 1H), 7.40 (dd, J = 9.0 Hz, 2.0 Hz, 1H) 7.32 (d, J = 9.0 Hz, 
1H), 7.28 (d, J = 9.0 Hz, 1H), 7.06 (s, 2H), 5.32 (s,1H), 5.00 (s, 1H), 3.24 (sept, J = 6.9, 
2H), 1.30 (d, J = 6.8 Hz, 6H), 1.29 (d, J = 6.9 Hz, 6H); 13C NMR (125 MHz, CDCl3) δ 
150.8, 150.5, 135.3, 132.4, 130.2, 130.0, 129.7, 128.2, 126.9, 126.2, 125.1, 122.1, 118.4, 











1340, 1293, 1258, 1195, 1169, 1148, 1136, 1119, 1071, 882, 825, 812, 470, 452 cm-1; 
HRMS (ESI-TOF) m/z = 397.0803 calc for C22H22BrO2 [M+H]+, found 397.0809. 
 
6-Bromo-1-(4-hydroxy-3,5-dimethylphenyl)naphthalen-2-ol (18). Following the 
General Procedure for 2 d at 80 °C, the ortho-para product was obtained as a brown 
amorphous solid (0.0180 g, 0.0524 mmol) in 53% yield: 1H NMR (500 MHz, CDCl3) d 
7.94 (d, J = 2.0 Hz, 1H), 7.67 (d, J = 8.9 Hz, 1H), 7.38 (dd, J = 9.0 Hz, 2.0 Hz, 1H), 7.32 
(d, J = 9.0, 1H), 7.25 (d, J = 8.7 Hz, 1H), 6.99 (s, 1H), 5.29 (s, 1H), 4.87 (s, 1H), 2.33 (s, 
6H); 13C NMR (125 MHz, CDCl3) d 152.6, 150.7, 139.0, 132.2, 131.1, 129.8, 129.7, 129.5, 
128.1, 126.7, 124.7, 124.5, 118.3, 116.9, 16.0; IR (neat) 3455, 2921, 1587, 1488, 1378, 
1340, 1193, 1046, 961, 877, 820, 736 cm-1; HRMS (ESI) m/z = 342.0255 calcd for 
C18H15BrO2 [M]+, found 342.0258. 
 
1-(3-Allyl-5-(tert-butyl)-4-hydroxyphenyl)-6-bromonaphthalen-2-ol (19). Following 
the General Procedure for 2 d, the cross-coupled product was obtained as a red-orange solid 
(0.0681 g, 0.1656 mmol) in an 85% yield: 1H NMR (500 MHz, CDCl3) δ 7.95 (d, J = 2.0 
Hz, 1H), 7.68 (d, J = 9.0 Hz, 1H), 7.40 (dd, J = 7.0 Hz, 2.0 Hz, 1H), 7.32 (d, J = 9.0 Hz, 











1H), 5.47 (s, 1H), 5.31 (m, 3H), 3.49 (d, J = 6.0 Hz, 2H), 1.43 (s, 9H); 13C NMR (125 MHz, 
CDCl3) δ 154.1, 150.8, 138.5, 136.0, 132.4, 130.7, 130.2, 130.0, 129.7, 128.5, 128.3, 126.9, 
126.5, 124.7, 121.7, 118.4, 118.0, 117.1, 36.4, 35.1, 29.9; IR (neat) 3517, 2956, 1725, 1587, 
1500, 1475, 1414, 1376, 1362, 1339, 1263, 1226, 1196, 1170, 1144, 1068, 1043, 957, 892, 
878, 820, 737, 465, 455 cm-1; HRMS (ESI-TOF) m/z = 411.0960 calc for C23H24BrO2 
[M+H]+, found 411.0939. 
 
1-(3-Allyl-5-(tert-butyl)-4-hydroxyphenyl)-6-methoxynaphthalen-2-ol (20). 
Following the General Procedure for 2 d, the cross-coupled product was obtained as a dark 
yellow solid (0.0181 g, 0.0499 mmol) in a 49% yield: 1H NMR (500 MHz, CDCl3) δ 7.67 
(d, J = 9.0 Hz, 1H) 7.37 (d, J = 9.0 Hz, 1H), 7.23 (d, J = 9.0 Hz, 1H), 7.21 (d, J = 2.0 Hz, 
1H), 7.14 (d, J = 2.5 Hz, 1H), 7.04 (dd, J = 9.3 Hz, 2.3 Hz, 1H), 7.02 (s, 1H), 6.07 (m, 1H), 
5.42 (s, 1H), 5.30 (m, 2H), 5.13 (s, 1H), 3.91 (s, 3H), 3.49 (d, J = 6.5 Hz, 2H), 1.43 (s, 9H); 
13C NMR (125 MHz, CDCl3) δ 155.9, 153.9, 148.9, 138.3, 136.1, 130.8, 129.9, 129.0, 
128.6, 127.9, 126.5, 126.2, 125.5, 121.7, 119.0, 117.9, 117.7, 55.5, 36.4, 35.1, 29.9; IR 
(neat) 3530, 2956, 1600, 1515, 1464, 1426, 1374, 1350, 1235, 1170, 1139, 1115, 1073, 
1040, 922, 851, 825, 650, 596 cm-1; HRMS (ESI-TOF) m/z = 363.1960 calc for C24H27O3 








1,5-Bis(3-allyl-5-(tert-butyl)-4-hydroxyphenyl)naphthalene-2,6-diol (21). Following 
a slightly modified the procedure, phenol A (0.22 mmol), phenol B (0.1 mmol), and Cr-
Salen-Cy (0.01 mmol) in ClCH2CH2Cl (2.5 mL) were heated at 80 °C for 2 d. The cross-
coupled product was obtained as a purple solid (0.0112 g, 0.0209 mmol) in a 21% yield: 
1H NMR (500 MHz, CDCl3) δ 7.40 (d, J = 9.1, 2H), 7.23 (s, 2H), 7.14 (d, J = 9.1, 2H), 
7.05 (s, 2H), 6.07 (m, 2H), 5.44 (s, 2H), 5.33 (m, 4H), 5.11 (s, 2H), 3.50 (d, J = 6.4, 4H), 
1.44 (s, 18H); 13C ,NMR (125 MHz, CDCl3) δ 174.3, 153.9, 148.6, 138.3, 136.1, 130.8, 
129.0, 128.7, 126.3, 126.1, 125.6, 121.8, 117.9, 117.5, 36.5, 35.1, 29.9; IR (neat) 3420, 
3302, 2958, 1596, 1514, 1467, 1400, 1362, 1332, 1187, 1114, 1000, 917, 818, 677, 600 
cm-1; HRMS (ESI-TOF) m/z = 537.3005 calc for C36H41O4 [M+H]+, found 537.2991. 
 
3'-(tert-Butyl)-3,5-dimethyl-[1,1'-biphenyl]-2,4'-diol (22). Following the General 
Procedure  for 2 d at 80 °C, the ortho-para product was obtained as a tan amorphous solid 
(0.0201 g, 0.0743 mmol) in 65% yield: 1H NMR (500 MHz, CDCl3) d 7.30 (d, J = 2.2 Hz, 
1H), 7.12 (dd, J = 8.0  Hz, 2.2 Hz, 1H), 6.91 (s, 1H), 6.85 (s, 1H), 6.79 (d, J = 8.1 Hz, 1H), 














CDCl3) d 153.9, 148.5, 137.2, 130.7, 129.5, 129.1, 128.6, 128.5, 128.2, 128.1, 127.6, 124.2, 
117.3, 34.8, 29.6, 20.5, 16.1; IR (neat) 3526, 2955, 2922, 2867, 1709, 1505, 1480, 1442, 
1391, 1376, 1363, 1325, 1258, 1201, 1106, 1085, 1043, 859, 810, 89 cm-1; HRMS (ESI) 
m/z = 270.1620 calcd for C18H22O2 [M]+, found 270.1613. 
 
3',5'-Di-tert-butyl-3,4,6-trimethyl-[1,1'-biphenyl]-2,4'-diol (23). Following the 
General Procedure for 2 d at 80 °C, the ortho-para product was obtained as a yellow 
amorphous solid (0.0251 g, 0.0737 mmol) in 74% yield. Spectral data were in agreement 
with those reported.9 
 
3',5'-Di-tert-butyl-3,4-dimethyl-[1,1'-biphenyl]-2,4'-diol (24). Following the General 
Procedure for 2 d at 80 °C, the ortho-para product was obtained as a yellow amorphous 
solid (0.0230 g, 0.0705 mmol) in 67% yield: 1H NMR (500 MHz, CDCl3) d 7.22 (s, 2H), 
6.98 (d, J = 2.7 Hz, 1H), 6.80 (d, J = 2.7 Hz, 1H), 5.39 (s, 1H), 5.31 (s, 1H), 2.32 (s, 3H), 
2.23 (s, 3H), 1.47 (s, 18H); 13C NMR (125 MHz, CDCl3) d 153.7, 150.6, 137.5, 137.1, 
128.4, 126.9, 126.4, 126.0, 123.0, 121.7, 34.7, 30.4, 20.2, 12.1; IR (neat) 3638, 3544, 2957, 
2872, 1601, 1431, 1401, 1363, 1309, 1232, 1156, 1122, 1077, 995, 887, 808, 773, 722, 














Carbon 2-bond coupling 3-bond-coupling 
1 none none 
2 1 5 
3 OH1 5 
4 none OH1, 1 
5 none none 
6 5 none 
7 12 none 
8 OH2 12, 14 
9 14 OH2, 11, 13 
10 13 12, 14 
11 none 13 
12 11 none 
13 none 11 
14 none none 
 
 
3,5-Dimethoxy-2',5'-dimethyl-[1,1'-biphenyl]-2,4'-diol (25). Following the General 
Procedure for 2 d at 80 °C, the ortho-para product was obtained as a dark orange 
amorphous solid (0.0218 g, 0.0795 mmol) in 68% yield: 1H NMR (500 MHz, CDCl3) d 
6.99 (s, 1H), 6.70 (s, 1H), 6.50 (d, J = 2.8 Hz, 1H), 6.27 (d, J = 2.8 Hz, 1H), 5.20 (s, 1H), 
4.79 (s, 1H), 3.90 (s, 3H), 3.76 (s, 3H), 2.23 (s, 3H), 2.13 (s, 3H); 13C NMR (125 MHz, 
CDCl3) d 153.3, 152.7, 147.1, 137.0, 135.8, 132.4, 129,8, 127.5, 120.9, 116.4, 106.2, 98.4, 
56.1, 55.8, 19.5, 15.3; IR (neat) 3439, 2925, 2984, 1644, 1596, 1492, 1463, 1425, 1402, 
1376, 1320, 1226, 1202, 1145, 1086, 1052, 988, 932, 834, 798 cm-1; HRMS (ESI) m/z = 










3’,5’-Di-tert-3,6-methyl-[1,1’-biphenyl]-2,4,4’-triol (26). Following the slightly 
modified procedure at 80 °C for 18 h, phenol A (0.1 mmol), phenol B (0.15 mmol), and 
Cr-Salen-Cy (0.01 mmol) in ClCH2CH2Cl (2.5 mL) were heated at 60 °C for 27 h.  The 
product was obtained as an orange amorphous solid (0.0198 g, 0.0578 mmol) in 59% yield: 
1H NMR (500 MHz, CDCl3) δ 7.03 (s, 2H), 6.34 (s, 1H), 5.29 (s, 1H), 5.09 (s, 1H), 4.66 
(s, 1H), 2.16 (s, 3H), 2.01 (s, 3H), 1.44 (s, 18H); 13C NMR (125 MHz, CDCl3) δ 153.5, 
153.3, 152.0, 136.9, 134.8, 127.2, 126.0, 121.5, 108.2, 107.1, 34.5, 30.4, 20.2, 8.2; IR (film) 
3536, 3525, 2959, 1727, 1416, 1234, 1080, 908, 734 cm-1; HRMS (ESI-TOF) m/z = 
341.2117 calc for C24H29O3 [M-H]–, found 341.2115. 
 
3-Bromo-3',5,5'-tri-tert-butyl-[1,1'-biphenyl]-2,4'-diol (27). Following the slightly 
modified procedure at 80 °C for 18 h, phenol A (0.1 mmol), phenol B (0.3 mmol), and Cr-
Salen-Cy (0.01 mmol) in ClCH2CH2Cl (2.5 mL) were heated at 60 °C for 29 h. The ortho-
para product was obtained as a yellow amorphous solid (0.0173 g, 0.0399 mmol) in a 39% 
yield (99% by recovered starting material): 1H NMR (500 MHz, CDCl3) d 7.44 (d, J = 2.3 
Hz, 1H), 7.30 (s, 2H), 7.22 (d, J = 2.3 Hz, 1H), 5.54 (s, 1H), 5.33 (s, 1H), 1.48 (s, 18H), 













128.2, 127.3, 1261, 34.6, 34.5, 31.6, 30.5; IR (neat) 3638, 3518, 2957, 2870, 1478, 1438, 
1392, 1363, 1309, 1268, 1233, 1156, 1120, 1078, 883, 821, 738, 720, 657, 634 cm-1; HRMS 
(ESI) m/z = 432.1664 calcd for C24H33BrO2 [M]+, found 432.1654. 
Experimental Procedures for Cross-Coupling Using oxo-Cr(V) and μ-oxo-Cr 
Complexes 
Preparation of Stock Solutions: Stock solutions of Cr(V), Cr(III) and phenols were 
prepared: 0.01 M Cr(V) (0.01 mmols in 1 mL), 0.01 Cr(III) (0.01 mmols in 1 mL) and 0.4 
M of the phenols (0.2 mmols of each phenol in 1 mL).  
General Procedure for Reaction with oxo-Cr(V): Reactions using oxo-Cr(V) were 
performed by addition of 50 µL of the phenol stock solution to a microwave vial containing 
0.5 mL of the Cr(V) stock solution and 0.5 mL of CHCl3. The reactions were stirred under 
argon for the indicated time, then crude material was passed to a pad of silica gel and 
concentrated. The conversion was determined via 1H NMR of the crude. 
UV-Vis Spectroscopic Studies 
Determination of Absorbance at Different Wavelengths Over Time: In a scintillation 
vial was added oxo-Cr(V) (1.0 mg, 0.00125 mmol), and 3,4,5-trimethylphenol (3.4 mg, 
0.025 mmol). Chloroform (10 mL) was added to start the reaction, and an aliquot was 
placed in a cuvette immediately. UV/Vis spectroscopy was used to monitor the loss of oxo-
Cr(V) signal at 633 nm at different time points (Table 1.4). 
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Table 1.4. Cr(V) absorbance decay over time at different wavelengths (750-450 nm) for 
the homo-coupling of 3,4,5-trimethylphenol. Adapted with permission from J. Am. Chem. 




0 min 10 min 20 min 30 min 40 min 
750 0.192729 0.111309 0.064964 0.0320105 0.00855715 
749 0.193409 0.111616 0.0650479 0.0319416 0.00837729 
748 0.194151 0.111952 0.0651383 0.0318732 0.00819263 
747 0.19485 0.112259 0.0652435 0.0317991 0.00797855 
746 0.19558 0.1126 0.065358 0.0317248 0.00784599 
745 0.196289 0.11295 0.0654789 0.0317163 0.00770121 
744 0.19706 0.113323 0.0656637 0.0317288 0.00760249 
743 0.197796 0.113662 0.0658245 0.0317299 0.00748774 
742 0.198534 0.114034 0.0660129 0.0317443 0.00734794 
741 0.199252 0.114404 0.0661735 0.0317574 0.0072782 
740 0.205037 0.120891 0.0727377 0.0382284 0.0135664 
739 0.20622 0.121756 0.0734103 0.0387284 0.013998 
738 0.207452 0.1226 0.0740382 0.0392528 0.014437 
737 0.208652 0.123431 0.0746545 0.0397445 0.0148138 
736 0.209797 0.124225 0.0752695 0.0402016 0.0151799 
735 0.210923 0.125022 0.0758851 0.0406251 0.0155272 
734 0.212042 0.125842 0.0765322 0.0410743 0.0159343 
733 0.213189 0.126611 0.0771227 0.0415276 0.0162884 
732 0.214293 0.127416 0.0777047 0.0419927 0.0166082 
731 0.21542 0.128221 0.0783446 0.0424885 0.016998 
730 0.216484 0.129017 0.0789263 0.0429625 0.0173547 
729 0.217609 0.129815 0.0795193 0.0434646 0.0177843 
728 0.218692 0.130583 0.0801067 0.043957 0.0181562 
727 0.219705 0.131356 0.0806538 0.0444066 0.018517 
726 0.220718 0.132124 0.0812344 0.0448586 0.0189087 
725 0.22171 0.132827 0.0817892 0.0452769 0.0192514 
724 0.222658 0.133536 0.0822972 0.0456312 0.0195611 
723 0.223565 0.134192 0.0827916 0.0459921 0.0198424 
722 0.224491 0.134816 0.08324 0.0463187 0.0200748 
721 0.225394 0.135417 0.0836733 0.0466395 0.0203133 
 
41 
720 0.226267 0.13601 0.0840841 0.0469177 0.0205013 
719 0.227121 0.136585 0.0844668 0.0471837 0.0206692 
718 0.227917 0.137131 0.0848409 0.0474426 0.0208467 
717 0.228751 0.137674 0.0851854 0.047689 0.0209989 
716 0.229493 0.138211 0.0855205 0.0479122 0.0211566 
715 0.230213 0.138685 0.0858536 0.0481087 0.021284 
714 0.230906 0.139124 0.0861535 0.0482793 0.021396 
713 0.231537 0.139533 0.0864146 0.0484656 0.0214721 
712 0.232127 0.13995 0.0866626 0.0486057 0.0215525 
711 0.232723 0.140306 0.0869019 0.0487317 0.0216137 
710 0.23333 0.140668 0.0871292 0.0488635 0.0216504 
709 0.23384 0.14096 0.0872864 0.0489402 0.021671 
708 0.234347 0.141254 0.0874467 0.0490205 0.02167 
707 0.234925 0.141593 0.0876515 0.0491323 0.0217282 
706 0.235466 0.141927 0.0878497 0.0492398 0.0217789 
705 0.23601 0.142264 0.0880689 0.0493599 0.0218282 
704 0.236513 0.142593 0.0882687 0.0494813 0.0218957 
703 0.237053 0.142936 0.0885372 0.04965 0.0219862 
702 0.237646 0.143354 0.0888401 0.0498804 0.0221502 
701 0.238254 0.143775 0.0891555 0.0500913 0.022296 
700 0.238846 0.14421 0.0894775 0.050356 0.0224824 
699 0.239486 0.144692 0.0898366 0.0506572 0.0227313 
698 0.240141 0.145169 0.0902248 0.0509697 0.0229901 
697 0.240826 0.145691 0.0906375 0.0512846 0.0232943 
696 0.241516 0.146219 0.0910693 0.0516801 0.0236177 
695 0.242175 0.146732 0.0915103 0.052018 0.0239557 
694 0.242809 0.147224 0.0919011 0.0523366 0.0242654 
693 0.243407 0.147659 0.0922803 0.0526305 0.0245272 
692 0.243907 0.148012 0.0925866 0.0528774 0.0247281 
691 0.244348 0.148345 0.0928232 0.0530517 0.0248584 
690 0.244679 0.1486 0.0929871 0.0531565 0.0249171 
689 0.244945 0.148774 0.0930689 0.0531759 0.0248921 
688 0.245167 0.148914 0.0931167 0.0531809 0.0248377 
687 0.245354 0.149014 0.0931401 0.0531516 0.0247608 
686 0.245562 0.149109 0.0931725 0.0531206 0.0247181 
685 0.245798 0.149241 0.0932618 0.0531431 0.0247138 
684 0.24605 0.149396 0.0933614 0.0532237 0.0247803 
683 0.246295 0.149556 0.0934758 0.0533216 0.0248579 
682 0.246584 0.149725 0.0936217 0.0534682 0.0249392 
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681 0.246882 0.149952 0.093826 0.0536503 0.0251066 
680 0.247221 0.150241 0.0940914 0.0539013 0.0253375 
679 0.247543 0.150516 0.094343 0.0541649 0.0255758 
678 0.247897 0.150828 0.0946252 0.0544216 0.0258557 
677 0.248251 0.15111 0.0949067 0.0546819 0.0260733 
676 0.248612 0.151455 0.0952341 0.0549493 0.026343 
675 0.249004 0.151824 0.0955774 0.055286 0.0266425 
674 0.249368 0.152134 0.0958546 0.0555172 0.0268688 
673 0.249709 0.152432 0.0961313 0.0557925 0.0271063 
672 0.249986 0.152697 0.0964077 0.0560173 0.0273258 
671 0.250283 0.152975 0.0966648 0.0562775 0.0275862 
670 0.250516 0.153186 0.0968806 0.0565072 0.0278045 
669 0.250675 0.15337 0.0970734 0.0567009 0.0280029 
668 0.250842 0.153528 0.0972695 0.0569176 0.0282301 
667 0.250964 0.15371 0.0974545 0.0571164 0.028431 
666 0.251091 0.153875 0.097623 0.0572968 0.0286073 
665 0.251196 0.154005 0.0977454 0.0574524 0.0287368 
664 0.251262 0.154119 0.0979081 0.057614 0.0288781 
663 0.251356 0.154251 0.0980689 0.0577603 0.0290595 
662 0.251381 0.154358 0.0981441 0.0578526 0.029195 
661 0.251412 0.154453 0.0982761 0.0579854 0.029326 
660 0.251398 0.154515 0.0983614 0.0580845 0.0294345 
659 0.251349 0.154526 0.0984333 0.0581463 0.0295399 
658 0.251267 0.154495 0.0984492 0.0582044 0.0296113 
657 0.251152 0.154474 0.0984289 0.0582362 0.0296858 
656 0.251046 0.154429 0.0984411 0.0582609 0.0297374 
655 0.250921 0.154359 0.0984618 0.0583051 0.029799 
654 0.250734 0.154277 0.0984012 0.0583013 0.0298255 
653 0.250533 0.154171 0.0983243 0.0582704 0.0298278 
652 0.25029 0.154048 0.0982566 0.0582556 0.0298583 
651 0.25003 0.153923 0.0981707 0.0582202 0.0298397 
650 0.249726 0.153728 0.0980405 0.0581266 0.0297923 
649 0.249323 0.15348 0.0978682 0.0580211 0.0297077 
648 0.248991 0.153256 0.097703 0.0579181 0.0296412 
647 0.248587 0.152973 0.0975281 0.0578183 0.0295669 
646 0.24817 0.152681 0.0973204 0.0576659 0.0294615 
645 0.247699 0.152362 0.0970922 0.0575023 0.0293258 
644 0.247182 0.151985 0.096854 0.0573457 0.0291889 
643 0.246654 0.151626 0.0965911 0.0571361 0.0290428 
 
43 
642 0.246082 0.151206 0.09628 0.0569113 0.0288362 
641 0.245438 0.150755 0.0959179 0.0566271 0.0285948 
640 0.244808 0.150321 0.0955926 0.0563683 0.0283657 
639 0.244132 0.149834 0.0952299 0.0560812 0.0281392 
638 0.24341 0.149293 0.0948242 0.0557283 0.0278621 
637 0.242677 0.148754 0.0944376 0.0554031 0.0276134 
636 0.24189 0.148174 0.0939891 0.0550355 0.0273175 
635 0.241059 0.147603 0.0935716 0.0546683 0.0270408 
634 0.240233 0.146996 0.0930754 0.054263 0.0267041 
633 0.239384 0.146372 0.0925722 0.0538536 0.0263604 
632 0.238554 0.145784 0.0920841 0.05346 0.0260602 
631 0.237688 0.14517 0.0915768 0.0530681 0.0257228 
630 0.236864 0.144526 0.0910788 0.0526946 0.0253981 
629 0.236007 0.1439 0.0905813 0.0523268 0.0250798 
628 0.235126 0.143263 0.0900842 0.0519517 0.0247657 
627 0.234219 0.142633 0.0895991 0.0515685 0.0244599 
626 0.233321 0.141975 0.0891309 0.0511959 0.0241506 
625 0.232392 0.141345 0.0886583 0.0508087 0.0238723 
624 0.231451 0.140706 0.0881543 0.050433 0.0235625 
623 0.230506 0.140051 0.0877019 0.0500575 0.0232986 
622 0.229582 0.139419 0.087207 0.0496891 0.0230131 
621 0.22868 0.138792 0.0867462 0.0493453 0.0227556 
620 0.227764 0.138162 0.0863394 0.0490244 0.0225322 
619 0.226875 0.137569 0.0859147 0.0487402 0.0223256 
618 0.225996 0.136966 0.0855112 0.0484324 0.0221406 
617 0.225131 0.136381 0.0851092 0.0481673 0.0219749 
616 0.224256 0.135807 0.0847405 0.0479158 0.0218087 
615 0.223382 0.135222 0.0843671 0.0476689 0.0216657 
614 0.222488 0.134655 0.0839747 0.0474296 0.0215556 
613 0.221589 0.134068 0.0835722 0.0472022 0.0214045 
612 0.220703 0.133507 0.0832116 0.0470068 0.0212634 
611 0.2198 0.132941 0.0828546 0.0468055 0.0211102 
610 0.218905 0.132381 0.0824825 0.0465844 0.0209945 
609 0.217956 0.131783 0.0821004 0.0463558 0.0208517 
608 0.217036 0.131208 0.0817222 0.046127 0.0207025 
607 0.216117 0.130645 0.0813638 0.0458905 0.0205683 
606 0.215195 0.130061 0.0810001 0.0456509 0.0204656 
605 0.214256 0.129472 0.0806207 0.0454234 0.0203381 
604 0.213329 0.128907 0.0802814 0.0452122 0.0202549 
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603 0.212351 0.12834 0.0799123 0.0449982 0.0201509 
602 0.211405 0.127747 0.0795278 0.0447789 0.0200355 
601 0.210405 0.127141 0.0791323 0.0445349 0.0199016 
600 0.208329 0.126889 0.0791944 0.0450035 0.0204723 
599 0.207407 0.126303 0.078864 0.0448083 0.0203734 
598 0.206479 0.125719 0.0784829 0.0445819 0.0202586 
597 0.205547 0.12515 0.0781491 0.0443894 0.0201716 
596 0.204623 0.124614 0.0778025 0.0442349 0.0201279 
595 0.203669 0.124039 0.0774547 0.0440406 0.0200599 
594 0.202764 0.123524 0.0771301 0.043868 0.0200081 
593 0.201812 0.122983 0.0767836 0.0436843 0.0199344 
592 0.20087 0.122432 0.0764502 0.043506 0.0198642 
591 0.199926 0.121883 0.0761234 0.043344 0.0198396 
590 0.199001 0.121351 0.0757863 0.0431799 0.019785 
589 0.19806 0.120807 0.0754875 0.0430072 0.019733 
588 0.197147 0.120266 0.0751629 0.0428478 0.0196812 
587 0.196182 0.119695 0.074816 0.0426742 0.0196143 
586 0.195242 0.119166 0.0744761 0.0425169 0.0195699 
585 0.194323 0.118643 0.0741289 0.0423585 0.0195264 
584 0.193402 0.118111 0.0737931 0.042217 0.0194757 
583 0.192497 0.117561 0.0734623 0.0420528 0.0194359 
582 0.191549 0.116988 0.0731298 0.041907 0.0193909 
581 0.190658 0.11646 0.072837 0.0417558 0.0193625 
580 0.189789 0.11595 0.0725781 0.0416512 0.0193621 
579 0.188908 0.115474 0.0723415 0.0415566 0.0193687 
578 0.188058 0.114989 0.0720989 0.041467 0.0193897 
577 0.187264 0.114575 0.0719037 0.041437 0.0194484 
576 0.186492 0.114177 0.0717109 0.0414118 0.0195141 
575 0.185733 0.11381 0.0715598 0.0414279 0.0196119 
574 0.184945 0.113452 0.0713869 0.0414355 0.0197034 
573 0.184208 0.113066 0.0712373 0.0414425 0.0198347 
572 0.1835 0.112722 0.0711199 0.0414517 0.0199638 
571 0.182785 0.11237 0.0710043 0.0414791 0.0201198 
570 0.182084 0.112035 0.0709109 0.041526 0.0202887 
569 0.181433 0.111727 0.0708317 0.0416218 0.0204976 
568 0.180821 0.111452 0.0708039 0.0417275 0.0207388 
567 0.180218 0.111203 0.0707732 0.041847 0.020999 
566 0.179653 0.110987 0.0707771 0.0420262 0.0212916 
565 0.179098 0.110793 0.0707881 0.0422002 0.0215713 
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564 0.178599 0.11065 0.0708559 0.0424277 0.021905 
563 0.178097 0.110522 0.0709277 0.0426569 0.0222463 
562 0.177604 0.110382 0.0709886 0.0428691 0.0225694 
561 0.17718 0.110307 0.0711258 0.0431255 0.0229147 
560 0.176792 0.110283 0.0713089 0.0434389 0.0233472 
559 0.17646 0.110265 0.0715092 0.0437726 0.0238121 
558 0.176154 0.110279 0.0717314 0.0441471 0.0242677 
557 0.175872 0.110338 0.0719834 0.0445515 0.0247645 
556 0.17564 0.11041 0.0722607 0.044978 0.0253064 
555 0.175468 0.110544 0.0725887 0.0455008 0.0258789 
554 0.175283 0.110702 0.0729206 0.0459751 0.02647 
553 0.175168 0.110889 0.0733011 0.046507 0.0270661 
552 0.175077 0.111138 0.0737156 0.0470592 0.0277189 
551 0.175034 0.111423 0.0741822 0.0476215 0.0284068 
550 0.175079 0.111764 0.0747291 0.0482686 0.029147 
549 0.175161 0.112154 0.0752863 0.0489313 0.0299039 
548 0.175315 0.112597 0.0759119 0.0496543 0.0307143 
547 0.175485 0.113094 0.0765681 0.0504157 0.0315752 
546 0.175741 0.113613 0.0772406 0.05123 0.0324625 
545 0.176068 0.114176 0.0779373 0.0520415 0.033355 
544 0.176434 0.114799 0.0786629 0.0528935 0.0342832 
543 0.176841 0.115459 0.0794412 0.0537449 0.03525 
542 0.177324 0.116186 0.0802947 0.0546721 0.0362675 
541 0.177874 0.116916 0.0811538 0.0556216 0.0372506 
540 0.178457 0.117684 0.0820331 0.0565823 0.038279 
539 0.179077 0.118506 0.0829749 0.0576107 0.0393426 
538 0.179789 0.119399 0.0839603 0.0586575 0.0404518 
537 0.18057 0.120336 0.0849714 0.0597887 0.0415768 
536 0.181404 0.121308 0.0859903 0.0608729 0.0426999 
535 0.182271 0.122315 0.087025 0.0619688 0.0438244 
534 0.183217 0.123357 0.0881224 0.0631093 0.0449754 
533 0.184254 0.124458 0.0892683 0.0642768 0.0461614 
532 0.185304 0.125582 0.0904246 0.0654222 0.0472988 
531 0.186424 0.12674 0.0915842 0.0665904 0.0484756 
530 0.187604 0.12793 0.0927507 0.0677375 0.0496273 
529 0.18886 0.129157 0.0939719 0.068941 0.0508406 
528 0.190177 0.13047 0.0952228 0.0701592 0.0520685 
527 0.191536 0.131802 0.0965016 0.0713681 0.0532777 
526 0.192976 0.133171 0.0978146 0.07262 0.0545316 
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525 0.194476 0.134559 0.0991226 0.0738712 0.0557861 
524 0.19601 0.135957 0.100464 0.0751525 0.0570134 
523 0.197618 0.137444 0.101867 0.0764769 0.0582622 
522 0.199324 0.138949 0.103268 0.0777884 0.0594994 
521 0.201079 0.14047 0.104679 0.0791181 0.0607396 
520 0.202494 0.14218 0.106272 0.0806163 0.0622094 
519 0.204362 0.143807 0.107705 0.0819571 0.0634498 
518 0.206297 0.145418 0.109163 0.0833024 0.0647033 
517 0.208335 0.147121 0.110648 0.0847104 0.0659832 
516 0.210482 0.148888 0.112202 0.0861402 0.0673033 
515 0.212658 0.150705 0.113812 0.0875945 0.0686535 
514 0.214942 0.15256 0.115516 0.0890911 0.0700548 
513 0.217241 0.154452 0.117213 0.0905995 0.0714559 
512 0.219614 0.156397 0.118901 0.0921236 0.0728467 
511 0.222058 0.158406 0.120671 0.0936722 0.074296 
510 0.224518 0.160437 0.122446 0.0952752 0.0757602 
509 0.227078 0.162512 0.124266 0.0969119 0.0772486 
508 0.229707 0.164653 0.126112 0.0985878 0.0787776 
507 0.232393 0.166835 0.12802 0.100296 0.080335 
506 0.235136 0.16908 0.129979 0.102046 0.0819376 
505 0.237918 0.171388 0.131953 0.103838 0.0835718 
504 0.240736 0.173671 0.133975 0.105618 0.0851888 
503 0.243605 0.176024 0.136043 0.107427 0.0868662 
502 0.246485 0.178399 0.138098 0.109265 0.0885313 
501 0.249443 0.180838 0.140216 0.111129 0.0902367 
500 0.252446 0.183281 0.142337 0.113019 0.0919207 
499 0.255516 0.185758 0.144492 0.11491 0.0936424 
498 0.258629 0.188283 0.146677 0.116851 0.0953947 
497 0.261788 0.190845 0.148885 0.118821 0.0971332 
496 0.264997 0.193438 0.151119 0.12078 0.0989291 
495 0.268215 0.196059 0.153363 0.122749 0.100669 
494 0.271437 0.19867 0.155574 0.124691 0.102459 
493 0.274718 0.20133 0.157846 0.126672 0.104256 
492 0.278032 0.204013 0.160129 0.128658 0.106035 
491 0.281383 0.206725 0.162431 0.130666 0.107808 
490 0.284763 0.209432 0.1647 0.132644 0.109557 
489 0.288207 0.212162 0.166981 0.134615 0.111353 
488 0.291683 0.214932 0.169339 0.136658 0.113128 
487 0.295147 0.217721 0.171685 0.138673 0.11492 
 
47 
486 0.298673 0.220562 0.174071 0.140748 0.116767 
485 0.302203 0.223384 0.176448 0.142811 0.118605 
484 0.305769 0.226281 0.178881 0.144949 0.120515 
483 0.309348 0.229201 0.181333 0.147118 0.12243 
482 0.312928 0.232128 0.183845 0.149337 0.124417 
481 0.316556 0.2351 0.186363 0.151596 0.126458 
480 0.320203 0.238123 0.188982 0.153911 0.128591 
479 0.323884 0.241216 0.191713 0.156348 0.130825 
478 0.327627 0.244386 0.194532 0.158882 0.13319 
477 0.331429 0.247618 0.197458 0.161556 0.135692 
476 0.335281 0.250963 0.200504 0.164352 0.138349 
475 0.339185 0.254409 0.203684 0.16732 0.141174 
474 0.343174 0.258023 0.207052 0.170496 0.14422 
473 0.3472 0.261732 0.210531 0.173877 0.147497 
472 0.351268 0.265552 0.214197 0.177442 0.151006 
471 0.355367 0.269551 0.218083 0.1813 0.154795 
470 0.359581 0.273737 0.222211 0.185389 0.158917 
469 0.363872 0.278089 0.226618 0.189805 0.163427 
468 0.368202 0.282639 0.231255 0.194528 0.16825 
467 0.372626 0.287381 0.236206 0.199617 0.173457 
466 0.377113 0.292342 0.241415 0.20505 0.179084 
465 0.381757 0.297578 0.247029 0.210944 0.185225 
464 0.386422 0.303031 0.252974 0.217258 0.191779 
463 0.391153 0.308768 0.259254 0.224043 0.198857 
462 0.396016 0.314733 0.265943 0.231256 0.206467 
461 0.40098 0.321001 0.27306 0.238986 0.214645 
460 0.40602 0.327561 0.280571 0.247173 0.223362 
459 0.411098 0.334355 0.288455 0.255823 0.232589 
458 0.416243 0.341417 0.29668 0.264934 0.242364 
457 0.421501 0.348778 0.305339 0.274505 0.252678 
456 0.426841 0.356373 0.31435 0.284534 0.263447 
455 0.432183 0.364197 0.323668 0.294971 0.274662 
454 0.437601 0.37224 0.333306 0.305768 0.286259 
453 0.443103 0.38049 0.343234 0.316905 0.298292 
452 0.448669 0.38891 0.353402 0.328346 0.310627 
451 0.454219 0.397442 0.363785 0.340022 0.32321 




Deuterium Kinetic Isotope Effect 
Procedure for synthesis of deuterated 3,4,5-trimethylphenol: To a 10-mL flame-dried 
round-bottomed flask was added NaH (2.4 mmol) in DMF (4 mL). 3,4,5-Trimethylphenol 
(0.8 mmol) was added to the flask, and the reaction mixture was stirred for 1 hour. Excess 
35% DCl in D2O (10 mL) was added to the flask. The reaction mixture was extracted with 
diethyl ether (3 X 10 mL). The organic layer was dried with sodium sulfate and 
concentrated under vacuum. Resultant DMF was removed under high vacuum overnight.  
Procedure for deuterium KIE determination: In a scintillation vial was added oxo-Cr(V) 
(2.0 mg, 0.0025 mmol), and 3,4,5-trimethylphenol (0.68 mg, 0.005 mmol) or deuterated 
3,4,5-trimethylphenol (0.8 mg, 0.006 mmol). Chloroform (10 mL) was added to start the 
reaction, and an aliquot was placed in a cuvette immediately. UV/Vis spectroscopy was 
used to monitor the loss of oxo-Cr(V) signal at 633 nm.  
Table 1.5. Change in concentration of Cr(V) over time for the determination of 
deuterium kinetic isotope effect for the homo-coupling of 3,4,5-trimethylphenol. 
Reprinted with permission from J. Am. Chem. Soc. 2019, 141, 10016-10032. Copyright 
2019 American Chemical Society. 
 Protonated Phenol Deuterated Phenol 
Time (s) Absorbance [Cr(V)] (M) Absorbance [Cr(V)] (M) 
0 0.465904 0.000193825 0.472457 0.000196552 
30 0.458184 0.000190614 0.464814 0.000193372 
60 0.453722 0.000188757 0.460935 0.000191758 
90 0.451635 0.000187889 0.458096 0.000190577 
120 0.447681 0.000186244 0.455522 0.000189506 
150 0.444253 0.000184818 0.452206 0.000188127 
180 0.440739 0.000183356 0.448759 0.000186693 
210 0.43802 0.000182225 0.445289 0.000185249 
240 0.43453 0.000180773 0.442442 0.000184065 
270 0.432163 0.000179788 0.439704 0.000182926 
300 0.430178 0.000178963 0.436211 0.000181473 
 
49 
330 0.427156 0.000177705 0.433575 0.000180376 
360 0.42429 0.000176513 0.431263 0.000179414 
390 0.421484 0.000175346 0.428318 0.000178189 
420 0.417748 0.000173792 0.425072 0.000176838 
450 0.414781 0.000172557 0.422157 0.000175626 
480 0.411843 0.000171335 0.419799 0.000174645 
510 0.408752 0.000170049 0.417625 0.00017374 
540 0.405445 0.000168673 0.414346 0.000172376 
570 0.402671 0.000167519 0.41113 0.000171038 
600 0.399405 0.000166161 0.407859 0.000169678 
630 0.396461 0.000164936 0.404583 0.000168315 
660 0.393039 0.000163512 0.401331 0.000166962 
690 0.390256 0.000162354 0.397906 0.000165537 
720 0.386553 0.000160814 0.394815 0.000164251 
750 0.382888 0.000159289 0.391639 0.00016293 
780 0.37957 0.000157909 0.388353 0.000161563 
810 0.375939 0.000156398 0.385063 0.000160194 
840 0.372504 0.000154969 0.381821 0.000158845 
870 0.369178 0.000153585 0.378277 0.000157371 
900 0.365884 0.000152215 0.375151 0.00015607 
930 0.36164 0.00015045 0.371613 0.000154598 
960 0.357736 0.000148825 0.368137 0.000153152 
990 0.353857 0.000147212 0.364687 0.000151717 
1020 0.349642 0.000145458 0.36119 0.000150262 
1050 0.345658 0.000143801 0.357611 0.000148773 
1080 0.341368 0.000142016 0.354028 0.000147283 
1110 0.337131 0.000140253 0.350362 0.000145758 
1140 0.332707 0.000138413 0.346827 0.000144287 
1170 0.328845 0.000136806 0.343126 0.000142747 
1200 0.324111 0.000134837 0.339309 0.000141159 
1230 0.319297 0.000132834 0.335689 0.000139653 
1260 0.314765 0.000130949 0.331875 0.000138067 
1290 0.310126 0.000129019 0.32789 0.000136409 
1320 0.305436 0.000127068 0.32396 0.000134774 
1350 0.300586 0.00012505 0.319956 0.000133108 
1380 0.295841 0.000123076 0.315912 0.000131426 
1410 0.290908 0.000121024 0.311853 0.000129737 
1440 0.285963 0.000118966 0.307882 0.000128085 
1470 0.281013 0.000116907 0.303906 0.000126431 
1500 0.275738 0.000114713 0.300179 0.00012488 
1530 0.270706 0.000112619 0.296245 0.000123244 
1560 0.265259 0.000110353 0.292302 0.000121604 
1590 0.260195 0.000108246 0.288625 0.000120074 
1620 0.254938 0.000106059 0.284745 0.00011846 
1650 0.249314 0.00010372 0.28097 0.000116889 
 
50 
1680 0.244065 0.000101536 0.27723 0.000115333 
1710 0.238778 9.93364E-05 0.273465 0.000113767 
1740 0.23327 9.7045E-05 0.269575 0.000112149 
1770 0.22782 9.47777E-05 0.265786 0.000110572 




Determination of Absorbance at 633 nm Over Time  
The consumption of the Cr(V) specie was examined by monitoring the decay of the 
absorbance at 633 nm. The decrease in absorbance is directly related to the homo-coupling 
of the phenols. To evaluate the reactivity of the different phenols, oxo-Cr(V) (0.0025 
mmol), and phenol (0.005 mmol) were added to a scintillation vial. Chloroform (10 mL) 
was added to start the reaction, and an aliquot was placed in a cuvette immediately. Results 
can be seen in Table 1.6. 
 
y = -0.0000000540x + 0.0001967504
R² = 0.9878589917






















Table 1.6.  Decay of absorbance of Cr(V) at 633 nm over time for 2,6-disubstituted 
phenols. Reprinted with permission from J. Am. Chem. Soc. 2019, 141, 10016-10032. 
Copyright 2019 American Chemical Society. 
time (min) 
Relative Absorbance 
OMe i-Pr t-Bu 
0 1 1 1 
0.5 0.931622124 0.985043314 0.989484367 
1 0.863484973 0.971008388 0.981304217 
1.5 0.799761682 0.957674164 0.976750421 
2 0.740092885 0.94826263 0.967831496 
2.5 0.683262921 0.938219212 0.961428776 
3 0.630650799 0.92894323 0.955601983 
3.5 0.580887827 0.916739309 0.949914207 
4 0.534170024 0.909621745 0.943974214 
4.5 0.490629788 0.897167572 0.938683629 
5 0.452249659 0.890648526 0.933172603 
5.5 0.412889437 0.879013926 0.928078628 
6 0.378161447 0.869900609 0.921993661 
6.5 0.346803605 0.862240834 0.916782514 
7 0.316377711 0.850762641 0.910600235 
7.5 0.288835356 0.842281207 0.905532077 
8 0.264468849 0.833207513 0.899665565 
8.5 0.239103335 0.824732335 0.894593435 
9 0.217391678 0.815395877 0.888633583 
9.5 0.197385729 0.806272132 0.883932827 
10 0.178650462 0.798866779 0.878531029 
10.5 0.160951172 0.789891099 0.873631677 
11 0.144799571 0.780821575 0.866732468 
11.5 0.130929009 0.771864664 0.860909647 
12 0.116372037 0.763693959 0.855819643 
12.5 0.103694438 0.754595239 0.850247053 
13 0.091877602 0.746610138 0.844340822 
13.5 0.080873384 0.738695941 0.838978742 
14 0.071403271 0.730306266 0.833171809 
14.5 0.062351847 0.722041717 0.827563471 





General Procedure for Stoichiometric Kinetics: 
For assessing the order of species X in the stoichiometric oxo-Cr(V) reactions, three to 
five reactions of varying [X] were set up. For each reaction, oxo-Cr(V), 3,4,5-
trimethylphenol, and 2,6-di-tert-butylphenol were added in the amounts specified. To the 
mixture was subsequently added chloroform (10 mL), and an aliquot of the reaction was 
quickly placed in a cuvette. UV/Vis spectroscopy was used to monitor the loss of oxo-
Cr(V) signal at 633 nm every 30 seconds for 30 minutes. A graph of absorbance vs. time 
was used to determine the rate of loss of oxo-Cr(V) signal, which was the inverse of product 
formation. Plotting the rate of product formation vs. [X] was used to determine the order 
of the reaction in component X.  
3,4,5-Trimethylphenol Kinetics: In a scintillation vial was added oxo-Cr(V) (2.0 mg, 
0.0025 mmol, 1 equiv), 2,6-di-tert-butylphenol (5.2 mg, 0.025 mmol, 10 equiv), and 0.34 
mg (0.0025 mmol, 1 equiv), 0.24 mg (0.0018 mmol, 0.7 equiv), or 0.17 mg (0.00125 mmol, 
0.5 equiv) of 3,4,5-trimethylphenol. To these mixtures was added chloroform, and an 






Table 1.7. Change in concentration of Cr(V) over time using 1 equiv of 3,4,5-
trimethylphenol. Reprinted with permission from J. Am. Chem. Soc. 2019, 141, 10016-
10032. Copyright 2019 American Chemical Society. 
Time (s) Absorbance [Cr] (M) 
0 0.570443 0.000237316 
30 0.509827 0.000212098 
60 0.46501 0.000193454 
90 0.457014 0.000190127 
























Table 1.8. Change in concentration of Cr(V) over time using 0.7 equiv of 3,4,5-
trimethylphenol. Reprinted with permission from J. Am. Chem. Soc. 2019, 141, 10016-
10032. Copyright 2019 American Chemical Society. 
Time (s) Absorbance [Cr(V)] (M) 
0 0.595584 0.000247775 
30 0.562693 0.000234092 
60 0.535186 0.000222648 
90 0.513302 0.000213544 
























Table 1.9. Change in concentration of Cr(V) over time using 0.5 equiv 3,4,5-
trimethylphenol. Reprinted with permission from J. Am. Chem. Soc. 2019, 141, 10016-
10032. Copyright 2019 American Chemical Society. 
Time (s) Absorbance [Cr(V)] (M) 
0 0.501645 0.000208694 
30 0.474673 0.000197474 
60 0.453316 0.000188589 
90 0.436453 0.000181573 
120 0.422245 0.000175662 
 
 



















2,6-Di-tert-butylphenol Kinetics: In a scintillation vial was added oxo-Cr(V) (2.0 mg, 
0.0025 mmol, 1 equiv), 3,4,5-trimethyphenol (3.4 mg, 0.025 mmol, 10 equiv), and 0.52 
mg (0.0025 mmol, 1 equiv), 0.36 mg (0.0018 mmol, 0.7 equiv), 0.26 mg (0.00125 mmol, 
0.5 equiv), 0.16 mg (0.0008 mmol, 0.3 equiv), or 0.05 mg (0.00025 mmol, 0.1 equiv) of 
2,6-di-tert-butylphenol. To these mixtures was added 10 mL of chloroform, and an aliquot 
was taken immediately. The data was analyzed as described above. 
Table 1.10. Change in concentration of Cr(V) over time using 1.0 equiv 2,6-di-tert-
butylphenol. Reprinted with permission from J. Am. Chem. Soc. 2019, 141, 10016-10032. 
Copyright 2019 American Chemical Society. 
Time (s) Absorbance [Cr(V)] (M) 
0 0.508087 0.000211374 
30 0.398806 0.000165911 
60 0.343873 0.000143058 
90 0.309074 0.000128581 
120 0.277368 0.000115391 
150 0.248489 0.000103376 



















Table 1.11. Change in concentration of Cr(V) over time using 0.7 equiv 2,6-di-tert-
butylphenol. Reprinted with permission from J. Am. Chem. Soc. 2019, 141, 10016-10032. 
Copyright 2019 American Chemical Society. 
Time (s) Absorbance [Cr(V)] (M) 
0 0.550401 0.000228978 
30 0.472538 0.000196585 
60 0.407178 0.000169394 
90 0.358862 0.000149294 
120 0.319806 0.000133046 
150 0.287147 0.000119459 
 





















Table 1.12. Change in concentration of Cr(V) over time using 0.5 equiv 2,6-di-tert-
butylphenol. Reprinted with permission from J. Am. Chem. Soc. 2019, 141, 10016-10032. 
Copyright 2019 American Chemical Society. 
Time (s) Absorbance [Cr(V)] (M) 
0 0.54673 0.000227451 
30 0.473382 0.000196936 
60 0.416903 0.00017344 
90 0.371973 0.000154748 
120 0.335986 0.000139777 
150 0.305623 0.000127145 
 





















Table 1.13. Change in concentration of Cr(V) over time using 0.3 equiv 2,6-di-tert-
butylphenol. Reprinted with permission from J. Am. Chem. Soc. 2019, 141, 10016-10032. 
Copyright 2019 American Chemical Society. 
Time (s) Absorbance [Cr(V)] (M) 
0 0.553306 0.000230186 
30 0.476002 0.000198026 
60 0.413239 0.000171916 
90 0.368468 0.00015329 
120 0.331382 0.000137862 
150 0.299313 0.00012452 
 





















Table 1.14. Change in concentration of Cr(V) over time using 0.1 equiv 2,6-di-tert-
butylphenol. Reprinted with permission from J. Am. Chem. Soc. 2019, 141, 10016-10032. 
Copyright 2019 American Chemical Society. 
Time (s) Absorbance [Cr(V)] (M) 
0 0.557192 0.000231803 
30 0.485717 0.000202068 
60 0.416137 0.000173121 
90 0.362817 0.000150939 
120 0.321049 0.000133563 
150 0.288626 0.000120074 
 





















oxo-Cr(V) Kinetics: In a scintillation vial was added 3,4,5-trimethyphenol (1.7 mg, 
0.0125 mmol, 10 equiv), 2,6-di-tert-butylphenol (2.6 mg, 0.0125 mmol, 10 equiv), and 1.0 
mg (0.00125 mmol, 1 equiv), 0.7 mg (0.0009 mmol, 0.7 equiv), 0.5 mg (0.0006 mmol, 0.5 
equiv), or 0.3 mg (0.0004 mmol, 0.3 equiv) of oxo-Cr(V). To these mixtures was added 
chloroform, and an aliquot taken immediately. The data was analyzed as described above. 
Table 1.15. Change in concentration of Cr(V) over time using 1.0 equiv oxo-Cr(V). 
Reprinted with permission from J. Am. Chem. Soc. 2019, 141, 10016-10032. Copyright 
2019 American Chemical Society. 
Time (s) Absorbance [Cr(V)] (M) 
0 0.309124 0.000128602 
30 0.248638 0.000103438 
60 0.210701 8.76559E-05 
90 0.184602 7.67981E-05 
120 0.165537 6.88667E-05 
 





















Table 1.16. Change in concentration of Cr(V) over time using 0.7 equiv oxo-Cr(V). 
Reprinted with permission from J. Am. Chem. Soc. 2019, 141, 10016-10032. Copyright 
2019 American Chemical Society. 
Time (s) Absorbance [Cr(V)] (M) 
0 0.201664 8.38963E-05 
30 0.164489 6.84307E-05 
60 0.132684 5.51992E-05 
90 0.108913 4.531E-05 
120 0.090537 3.76652E-05 
 






















Table 1.17. Change in concentration of Cr(V) over time using 0.5 equiv oxo-Cr(V). 
Reprinted with permission from J. Am. Chem. Soc. 2019, 141, 10016-10032. Copyright 
2019 American Chemical Society. 
Time (s) Absorbance [Cr(V)] (M) 
0 0.144744 6.02164E-05 
30 0.119991 4.99187E-05 
60 0.0958504 3.98757E-05 
90 0.0781024 3.24922E-05 
120 0.0652219 2.71336E-05 
 




















Table 1.18. Change in concentration of Cr(V) over time using 0.3 equiv oxo-Cr(V). 
Reprinted with permission from J. Am. Chem. Soc. 2019, 141, 10016-10032. Copyright 
2019 American Chemical Society. 
Time (s) Absorbance [Cr(V)] (M) 
0 0.083161 3.45966E-05 
30 0.0633793 2.63671E-05 
60 0.0521033 2.1676E-05 
90 0.0428021 1.78065E-05 
120 0.0351208 1.4611E-05 
 
























2,6-Di-tert-butylphenol GC Kinetics: In a 250 mL round bottom flask was added oxo-
Cr(V) (20.5 mg, 0.025 mmol, 1 equiv), 3,4,5-trimethylphenol (34.0 mg, 0.25 mmol, 10 
equiv), 4,4’-di-tert-butylbiphenyl as an internal standard (20.0 mg, 0.075 mmol), and 10.0 
mg (0.05 mmol, 2 equiv), 5.0 mg (0.025 mmol, 1 equiv), and 2.5 mg (0.0125 mmol, 0.5 
equiv) of 2,6-di-tert-butylphenol. Chloroform (100 mL) was added to start the reaction. 10 
mL aliquots were taken at the indicated times and filtered through silica. The crude reaction 




































mixture was concentrated, dissolved in acetonitrile, filtered, and a gas chromatogram of 
the mixture was obtained.  
GC conditions used for kinetics: Gas chromatography data was obtained using an 
Agilent 7890B gas chromatography system equipped with an Agilent 19091J-413 HP-5 
column. Instrument conditions-inlet temperature: 250 °C; detector temperature: 320 °C; 
hydrogen flow: 40 mL/min; air flow: 450 mL/min; makeup flow: 25 mL/min. Method: 100 
°C for 1 min., followed by a temperature increase of 40 °C/min to 290 °C and hold at final 
temperature for 2 min (total run time of 7.75 min). 
Table 1.19. Change in concentration of Cr(V) over time using 0.5 equiv 2,6-di-tert-
butylphenol. Reprinted with permission from J. Am. Chem. Soc. 2019, 141, 10016-10032. 
Copyright 2019 American Chemical Society. 
 









Table 1.20. Change in concentration of Cr(V) over time using 1.0 equiv 2,6-di-tert-
butylphenol. Reprinted with permission from J. Am. Chem. Soc. 2019, 141, 10016-10032. 




























Table 1.21. Change in concentration of Cr(V) over time using 2.0 equiv 2,6-di-tert-
butylphenol. Reprinted with permission from J. Am. Chem. Soc. 2019, 141, 10016-10032. 
Copyright 2019 American Chemical Society. 





























Control Reactions for Determination of the Impact of Acid and Base on Product 
Formation 
Three reactions of 2,6-di-tert-butylphenol with 3,4,5-trimethylphenol were carried out 
according to general procedure B for 15 hours with 0.038 mmol 4,4’-di-tert-butylbiphenyl 
as an internal standard. The first reaction was done with no additive, the second with 0.2 




































mmol acetic acid, and the third with 0.2 mmol 2,6-di-tert-butyl-4-methylpyridine. The 
crude reaction mixture was used to determine percent conversion of the starting material, 
3,4,5-trimethylphenol, with respect to the internal standard. 
 
Table 1.22. Results obtained from control reactions. Reprinted with permission from J. 
Am. Chem. Soc. 2019, 141 10016-10032. Copyright 2019 American Chemical Society. 
Additive Percent Conversion 
None 78% 




Heavy Atom Effect on the Reactivity of Cr(V) 
For assessing the heavy atom effect in the stoichiometric oxo-Cr(V) reactions, oxo-
Cr(V) (0.0025 mmol), 3,4,5-trimethylphenol (0.0025 mmol), and 2,6-di-tert-butylphenol 
(0.0025 mmol) were added in each mixture. Iodobenzene (0.025 mmol) was added to one 
of the mixtures. To the mixture was subsequently added chloroform (10 mL), and an 
aliquot of the reaction was quickly placed in a cuvette. UV/Vis spectroscopy was used to 
monitor the loss of oxo-Cr(V) signal at 633 nm every 30 seconds for 30 minutes. A graph 

































































CHAPTER 2.  Chromium-Salen Catalyzed Oxidative Cross-
Coupling of N,N-Disubstituted Anilines and 





















Unsymmetrical biaryls are found in organometallic chemistry,1 natural product 
synthesis,2 pharmaceutical synthesis,3 and materials chemistry.4 The ability to generate 
 
1 (a) Ingoglia, B. T.; Wagen, C. C.; Buchwald, S. L. Biaryl monophosphine ligands in 
palladium-catalyzed C-N coupling: An updated User’s guide. Tetrahedron. 2019, 75, 4199-
4211. (b) Ma, Y.- N.; Li, S.-. X.; Yang, S.- D. New Approaches for Biarly-Based Phosphine 
Ligand Synthesis via P=O Directed C-H Functionalization. Acc. Chem. Res. 2017, 50, 
1480-1492. (c) Parmar, D.; Sugiono, E.; Raja, S.; Rueping, M. Complete Field Guide to 
Asymmetric BINOL-Phosphate Derived Bronsted Acid and Metal Catalysis: History and 
Classification by Mode of Activation; Bronsted Acidity, Hydrogen Bonding, Ion Pairing, 
and Metal Phosphates. Chem. Rev. 2014, 114, 9047-9153. (d) Allen, S. E.; Walvoord, R. 
R.; Padilla-Salinas, R.; Kozlowski, M. C. Aerobic Copper-Catalyzed Organic Reactions. 
Chem. Rev. 2013, 113, 6234-6458. (e) Kocovsky, P.; Vyskocil, S.; Smrcina, M. Non-
Symmetrically Substituted 1,1’-Binaphthyls in Enantioselective Catalysis. Chem. Rev. 
2003, 103, 3213-3246. 
2 (a) Kozlowski, M. C. Oxidative Coupling in Complexity Building Transforms. Acc. 
Chem. Res. 2017, 50, 638-643. (b) Aldemir, H.; Richarz, R.; Gulder, T. A. M. The 
Biocatalytic Repertoire of Natural Biaryl Formation. Angew. Chem. Int. Ed. 2014, 53, 
8286-8293. (c) Bringmann, G.; Gulder, T.; Gulder, T. A. M.; Breuning, M. Atroposelective 
Total Synthesis of Axially Chiral Biaryl Natural Products. Chem. Rev. 2011, 111, 563-639. 
(d) Kozlowski, M. C.; Morgan, B. J.; Linton, E. C. Total synthesis of chiral biaryl natural 
products by asymmetric biaryl coupling. Chem. Soc. Rev. 2009, 38, 3193-3207. (e) Abe, 
H.; Harayama, T. Palladium-Mediated Intramolecular Biaryl Coupling Reaction for 
Natural Product Synthesis. Heterocycles. 2008, 75, 1305-1320.  
3 (a) Kloss, F.; Neuwirth, T.; Haensch, V. G.; Hertweck, C. MetalFree Synthesis of 
Pharmaceutically Important Biaryls by Photosplicing. Angew. Chem. Int. Ed. 2018, 57, 
14476-14481. (b) Han, Z.; Pinker, J. S.; Ford, B.; Chorell, E.; Crowley, J. M.; Cusumano, 
C. K.; Campbell, S.; Henderson, J. P.; Hultgren, S. J.; Kanetka, J. W. Lead Optimization 
Studies on FimH Antagonists: Discovery of Potent and Orally Bioavailable Ortho-
Substituted Biphenyl Mannosides. J. Med. Chem. 2012, 55, 3945-3959. (c) Klekota, J.; 
Roth, F. P. Chemical substuctures that enrich for biological activity. Bioinformatics. 2008, 
24, 2518-2525. (d) Hayduk, P. J.; Bures, M.; Praestgaard, J.; Fesik, S. W. Privileged 
Molecules for Protein Binding Identified from NMR-Based Screening. J. Med. Chem. 
2000, 43, 3443-3447. 
4 (a) You, L,; Chaudhry, S. T.; Zhao, Y.; Liu, J.; Zhao, X.; He, J.; Mei, J. Direct arylation 
polymerization of asymmetric push-pull aryl halides. Polym. Chem. 2017, 8, 2438-2441. 
(b) Bura, T.; Blaskovits, J. T.; Leclerc, M. Direct (Hetero)arylation Polymerization: Trends 
and Perspectives. J. Am. Chem. Soc. 2016, 138, 10056-10071. (c) Kobayashi, S.; 
Higashimura, H. Oxidative polymerization of phenols revisited. Prog. Polym. Sci. 2003, 
28, 1015-1048.  
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such structures selectively from simple precursors is an important challenge in organic 
synthesis. These motifs are classically synthesized through the metal-catalyzed cross-
coupling of prefunctionalized partners.5 Dehydrogenative cross-coupling of arenes,6 in 
particular of phenols,7,8 has been developed recently to overcome the need for 
prefunctionalization. 
 
5 (a) Ayogu, J. I; Onoabedje, E. A. Recent advances in transition metal-catalyzed cross-
coupling of (hetero)aryl halides and analogues under ligand-free conditions. Catal. Sci. 
Technol. 2019, 9, 5233-5255. (b) Hooshmand, S. E.; Heidari, B.; Sedghi, R.; Varma, R. S. 
Recent advances in the Suzuki-Miyaura cross-coupling reaction using efficient catalyst in 
eco-friendly media. Green Chem. 2019, 21, 381-405. (c) Fu, G. C. The Development of 
Versatile Methods for Palladium-Catalyzed Coupling Reaction of Aryl Electrophiles 
through the Use of P(t-Bu)3 and PCy3 as Ligands. Acc. Chem. Res. 2008, 41, 1555-1564. 
(d) Denmark, S. E.; Regens, C. S. Palladium-Catalyzed Cross-Coupling Reaction of 
Organosilanols and Their Salts: Practical Alternatives to Boron- and Tin-Based Methods. 
Acc. Chem. Res. 2008, 41, 1486-1499. (e) Hassan, J.; Sevignon, M.; Gozzi, C.; Schulz, E.; 
Lemaire, M. Aryl-Aryl Bond Formation One Century after the Discovery of the Ullman 
Reaction. Chem. Rev. 2002, 102, 1359-1470.  
6 (a) Dana, S.; Chowdhury, D.; Mandal, A.; Chipem, F. A. S.; Baidya, M. Ruthenium (II) 
Catalysis/Noncovalent Intersaction Synergy for Cross-Dehydrogenative Coupling of 
Arene Carboxylic Acids. ACS Catal. 2018, 8, 10173-10179. (b) P, S.; Sau, S. C.; 
Vardhanapu, P. K.; Mandal, S. K. Halo-Bridged Abnormal NHC Palladium (II) Dimer for 
Catalytic Dehydrogenative Cross-Coupling Reaction of Heteroarenes. J. Org. Chem. 2018, 
83, 9403-9411. (c) Varun, B. V.; Dhineshkumar, J.; Bettadapur, K. R.; Siddaraju, Y.; Alagiri, 
K.; Pradhu, K. R. Recent advancements in dehydrogentive cross coupling reaction for C-
C bond formation. Tetrahedron Lett. 2017, 58, 803-824. (d) Zhang, C.; Rao, Y. Weak 
Coordination Promoted Regioselective Oxidative Coupling Reaction for 2,2’-Difunctional 
Biaryl Synthesis in Hexafluoro-2-propanol. Org. Lett. 2015, 17, 4456-4459. (e) Yeung, C. 
S.; Dong, V. M. Catalytic Dehydrogenative Cross-Coupling: Forming Carbon-Carbon 
Bonds by Oxidizing Two Carbon-Hydrogen Bonds. Chem. Rev. 2011, 111, 1215-1292. (f) 
Li, C. - J. Cross-Dehydrogenative Coupling (CDC): Exploring C-C Bond Formations 
beyond Functional Group Transformations. Acc. Chem. Res. 2008, 42, 335-344. 
7 For a review see: Pal, T.; Pal, A. Oxidative phenol coupling: A key step for the biomimetic 
synthesis of many important natural products. Curr. Sci. 1996, 71, 106-108.  
8 (a) Rockl, J. L.; Schollmeyer, D.; Franke, R.; Waldvogel, S. R. Dehydrogenative Anodic 
C-C Coupling of Phenols Bearing Electron-Withdrawing Z Groups. Angew. Chem., Int. Ed. 
2019, 10.1002/anie.201910077. (b) Xu, W.; Huang, Z.; Ji. X.; Lumb, J. Catalytic Aerobic 
Cross-Dehydrogenative Coupling of Phenols and Catechols. ACS Catal. 2019, 9, 3800-
3810. (c) Shalit, H.; Libman, A.; Pappo, D. meso-Tetraphenylporphyrin Iron Chloride 
Catalyzed Selectrive Oxidative Cross-Coupling of Phenols. J. Am. Chem. Soc. 2017, 139, 
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The 2’-aminobiphenyl-2-ol structural motif is an interesting unsymmetrical biaryl with 
examples found in active natural products9 (Figure 2.1). Most routes to access these 
structures involve prefunctionalization.  
 
Figure 2.1. Natural products with 2’-aminobiphenyl-2-ol motif. Reprinted with 
permission from Org. Lett.  2020, 22, 1765-1770. Copyright 2020 American Chemical 
Society. 
 
13404-13413. (d) Libman, A.; Shalit, H.; Vainer, Y.; Narute, S.; Kozuch, S.; Pappo, D. 
Synthetic and Predictive Approach to Unsymmetrical Biphenols by Iron-Catalyzed 
Chelated Radical-Anion Oxidative Coupling. J. Am. Chem. Soc. 2015, 137, 11453-11460. 
(e) More, N. Y.; Jeganmohan, M. Oxidative Cross-Coupling of Two Different Phenols: An 
Efficient Route to Unsymmetrical Biphenols. Org. Lett. 2015, 17, 3042-3045. (f) Elsler, 
B.; Schollmeyer, D.; Dyballa, K. M.; Franke, R.; Waldvogel, S. R. Metal- and Reagent-
Free Highly Selective Anodic Cross-Coupling Reaction of Phenols. Angew. Chem., Int. Ed. 
2014, 53, 5210-5213. (g) Lee, Y. E.; Cao, T.; Torruellas, C.; Kozlowski, M. C. Selective 
Oxidative Homo- and Cross-Coupling of Phenols with Aerobic Catalysts. J. Am. Chem. 
Soc. 2014, 136, 6782-6785.  
9 (a) MacLeod, J. M.; Forget, S. M.; Jakeman, D. L. The expansive library of jadomycins. 
Can. J. Chem. 2018, 96, 495-501.. (b) Yang, Z.; Liu, Z.; Jiang, B.; Teng, F.; Wang, Y.; Han, 
N.; Guo, D.; Yin, J. Ambidalmines A-E and ambidimerine F: Bioactive 
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Oxidative methods for direct C-H activation to construct this motif have been 
developed in the past decades.10 Seminal work centers on the coupling of 2-
aminonaphthalene with 2-naphthol (Scheme 2.1a), which was complicated by the high 
reactivity of the amino group.  More recently, oxidative couplings of N,N-disubstituted 
aniline derivatives with naphthols have been studied using iron and cerium catalysts 
(Scheme 2.1b).11a,11b The scope was confined to 2-naphthol and t-BuOOH was needed. In 
the latter case, elevated temperatures were required. With chiral auxiliary-derived 
aminonaphthalenes, catalytic oxidative conditions give rise to enantiopure axial chiral 
versions.12 The coupling of phenols with similar anilines is much more difficult and the 
first report comes from Fotie et al. in 2016 (Scheme 2.1c).13 This process required super-
stoichiometric silver oxidant (3 equiv), with the highest yield of the aniline/phenol coupling 
 
10 (a)   Vyskocil, S.; Smrcna, M.; Lorenc, M.; Hanus, V.; Polasek, M.; Kocovsky, P. On the 
‘Novel two-phase oxidative cross-coupling of two-component molecular crystal of 2-
naphthol and 2-naphthylamine.’ Chem. Commun. 1998, 585-586. (b)  Ding, K.; Xu, Q.; 
Wang, Y.; Liu, J.; Yu, Z.; Du, B.; Wu, Y.; Koshima, H.; Matsuura, T. Novel two-phase 
oxidative cross-coupling of two-component molecular crystal of 2-naphthol and 2-
naphthylamine. Chem. Commun. 1997, 693-694. (c) Smrcina, M.; Lorenc, M.; Hanus, V.; 
Sedmera, P.; Kocovsky, P. Synthesis of Enantiomerically Pure 2,2’-Dihydroxy-1,1’-
binaphthyl, 2,2’-Diamino-1,1’-binaphthyl, and 2-Amino-2’-hydroxy-1,1’-binaphthyl. 
Comparison of Processes Operating as Diastereoselective Crystallization and as Second-
Order Asymmetric Transformation. J. Org. Chem. 1992, 57, 1917-1920.  
11 (a) Akondi, A. M.; Trivedi, R.; Sreedhar, B.; Kantam, M. L.; Bhargava, S. Cerium-
containing MCM-41 catalyst for selective oxidative arene cross-dehydrogenative coupling 
reactions. Catal. Today 2012, 198, 35-44. (b) Chandrasekharam, M.; Chiranjeevi, B.; 
Gupta, K. S. V.; Sridhar, B. Iron-Catalyzed Regioselective Direct Oxidative Aryl-Aryl 
Cross-Coupling. J. Org. Chem. 2011, 76, 10229-10235. 
12 Forkosh, H.; Vershinin, V.; Reiss, H.; Pappo, D. Stereoselective Synthesis of Optically 
Pure 2-Amino-2’-hydroxy-1,1’-binaphthyls. Org. Lett. 2018, 20, 2459-2463.  
13 Berkessa, S. C.; Clarke, Z. J. F.; Fotie, J.; Bohle, D. S.; Grimm, C. C. Silver(I)-mediated 
regioselective oxidative cross-coupling of phenol and aniline derivatives resulting in 2’-
aminobiphenyl-2-ols. Tetrahedron Lett. 2016, 57, 1613-1618. 
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being 70%. Further methods with a hypervalent iodine oxidant,14 periodic acid,15 a 
Pd/Al2O3 catalyst,16 and a heterogeneous rhodium catalyst17 have been reported, but with 
very limited examples (3-6 per report) or the requirement of aminonaphthalenes and 
naphthols vs anilines and phenols.  For example, an electrochemical method only uses 2-
aminonaphthalene.18 Herein, the development of chromium-salen catalyzed cross-coupling 
of N,N-substituted anilines/2-aminonaphthalenes with naphthols/phenols is described. This 
process utilizes benign conditions (rt, air as oxidant, Scheme 2.1d). Interestingly, most 
reactions result in C-C coupling products, but some couplings of 2-aminonaphthalene with 






14 Morimoto, K.; Sakamoto, K.; Ohshika, T.; Dohi, T.; Kita, Y. Organo-Iodine(III)-
Catalyzed Oxidative Phenol-Arene and Phenol-Phenol Cross-Coupling Reaction. Angew. 
Chem. Int. Ed. 2016, 55, 3652-3656. 
15 Gao, P.-C.; Chen, H.; Grigoryants, V.; Zhang, Q. Oxidative phenol-arene and phenol-
phenol cross-coupling using periodic acid. Tetrahedron 2019, 75, 2004-2011. 
16 Matsumoto, K.; Takeda, S.; Hirokane, T.; Yoshida, M. A Highlyl Selective Palladium-
Catalyzed Aerobic Oxidative Aniline-Aniline Cross-Coupling Reaction. Org. Lett. 2019, 
21, 7279-7283. 
17 Matsumoto K.; Yoshida, M.; Shindo, M. Hetergeneous Rhodium-Catalyzed Aerobic 
Oxidative Dehydrogenative Cross-Coupling: Nonsymmetrical Biaryl Amines. Angew. 
Chem. Int. Ed. 2016, 55, 5272-5276. 
18 Dahms, B.; Franke, R.; Waldvogel, S. R. Metal- and Reagent-Free Anodic 
Dehydrogenative Cross-Coupling of Naphthylamines with Phenols. ChemElectroChem. 
2018, 5, 1249-1252. 
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Scheme 2.1. Oxidative cross-couplings of 2-aminonaphthalenes/anilines with 
naphthols/phenols. Reprinted with permission from Org. Lett.  2020, 22, 1765-1770. 
Copyright 2020 American Chemical Society. 
 
2.2 High-Throughput Experimentation Screening of Metal-Salen Library 
Metal-salen complexes have been shown to be powerful catalysts in oxidative 
reactions.8g In particular, our group has previously reported the mechanism of a chromium-
salen catalyzed phenol cross-coupling.19 To interrogate the potential of these metal-salen 
complexes in aniline/phenol cross-coupling, high-throughput experimentation screening 
was implemented with a library of catalysts. When using 1,1,1,3,3,3-hexafluoro-2-
 
19 Nieves-Quinones, Y.; Paniak, T. J.; Lee, Y. E.; Kim, S. M.; Tcyrulnikov, S.; Kozlowski, 
M. C. Chromium-Salen Catalyzed Cross-Coupling of Phenols: Mechanism and Origin of 
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propanol (HFIP) as the solvent, every catalyst screened resulted in some level of product 
formation (Figure 2.2). To identify the best catalyst, the top leads were performed again on 
a larger scale (see Experimental) revealing that the chromium-salen complex results in the 
highest yield and minimizes formation of undesired side-products.  
 
Figure 2.2. High-throughput experimentation results for catalyst library screen (internal 
standard = 4,4’-di-tert-butylbiphenyl). Reprinted with permission from Org. Lett.  2020, 
22, 1765-1770. Copyright 2020 American Chemical Society. 
2.3 Reaction Optimizations 
Optimization studies were performed on the cross-coupling of N,N-dimethyl-2-
aminonaphthalene and 2-naphthol using this chromium-salen catalyst in HFIP (eq 1, Table 
1). Lowering the temperature to rt provided higher yields (entries 1-3). Lower yields were 
observed at 0 °C, potentially because of the decreased solubility in HFIP (entry 4). Shorter 
reaction times led to a slight decrease in yield, which was found to be more detrimental 
with less reactive coupling partners (entry 5). Different catalyst loadings (5, 10, and 20 mol 




































































































































































































































found to be beneficial (entry 8), with even air being suitable for the reaction to proceed 
(entry 9). Finally, the reactant ratio was optimized to 1:1.5 aniline to phenol without a 
decrease in yield (entry 10). 
Table 2.1. Optimization of oxidative cross-coupling of N,N-dimethyl-2-
aminonaphthalene and 2-naphthol. Reprinted with permission from Org. Lett.  2020, 22, 
1765-1770. Copyright 2020 American Chemical Society. 
 
 1b:2a cat (mol %) Oxidant T (°C) t Yield (%) 
1 1:3 10 t-BuOOH 80 1 d 33 
2 1:3 10 t-BuOOH 50 1 d 51 
3 1:3 10 t-BuOOH rt 1 d 55 
4 1:3 10 t-BuOOH 0 1 d 23 
5 1:3 10 t-BuOOH rt 6 h 52 
6 1:3 20 t-BuOOH rt 1 d 59 
7 1:3 5 t-BuOOH rt 1 d 52 
8 1:3 10 O2 rt 1 d 78 
9 1:3 10 Air rt 1 d 73 
10 1:1.5 10 Air rt 1 d 74 
HFIP: 1,1,1,3,3,3-hexafluoro-2-propanol. 
Conditions: 1b (0.1 mmol, 0.1 M), t-BuOOH (2 equiv), HFIP (1 mL). Yields obtained by 
1H NMR spectroscopy using 4,4’-di-tert-butylbiphenyl as internal standard. 
2.4 Substrate Scope 
With these optimized conditions, the scope of the method was investigated (eq 2).  N,N-














naphthols and phenols (Figure 2.3; blue compounds are new compounds, not reported 
previously). Few byproducts were observed and the efficiency was generally good. Bromo- 
and methoxynaphthols were well tolerated along with 2-naphthol (Figure 2.3, 3ba-3bc). 
Several substituted phenols coupled effectively as well (3bd-3bh), and with very high 
regioselectivity (>50:1).  On a larger scale (1.0 mmol), the reaction efficiency was even 
higher (3ba, 83%). 
 
 
Figure 2.3. Couplings of N,N-dimethyl-2-aminonaphthalene (blue compounds are new 
compounds, not reported previously). aIsolated yield at 1.0 mmol scale. Reprinted with 






































































The catalyst system was sufficiently reactive that the couplings of the more difficult 
aniline derivatives could be accomplished (Figure 2.4). In addition to the N,N-dimethyl 
congener (3aa-3ab), para-toluidines with N,N-diethyl substitution (3ca-3cb) or with 
incorporation of the nitrogen into pyrrolidine (3da-3db), piperidine (3ea-3eb), or 
morpholine (3fb) rings all coupled with naphthols with good to very good efficiency. The 
more electron rich para-methoxyanilines were also coupled effectively (3ga-3ha). 
Notably, the coupling of the aniline analogs with phenols also proceeded in moderate yield 
(3dd-3de) even for a mono-substituted phenol (3ai) for which selective couplings are 
typically very difficult. In all of these cases, the reactions were fairly clean giving only one 




Figure 2.4. Couplings of anilines (BRSM = based on recovered starting material; blue 
compounds are new compounds, not reported previously). Reprinted with permission 
from Org. Lett.  2020, 22, 1765-1770. Copyright 2020 American Chemical Society. 
Coupling reactions of N,N-dimethyl-2-aminonaphthalene and phenols led to somewhat 
unexpected results in certain instances (Figure 2.5). Coupling using phenols with multiple 
unhindered reactive sites, such as 2-tert-butylphenol, led to a mixture of ortho- and para-
substituted products (3bj,3bj’). The product ratio observed (1:2.2) is consistent with 
calculated site nucleophilicities of the ortho- and para-positions of the phenolate 





























































































a sterically unencumbered -OH group, a mixture of C-C (3bi-3bn) and C-O (3bi’-3bn’) 
coupled products were observed. In para-substituted phenols (3bi-3bl), a preference for C-
O product is observed, with product ratios of 1:1.5-3.1.  For each of these cases, the largest 
site nucleophilicities (see Experimental) of the phenolates are on the oxygen atom, which 
leads to higher reactivity in accord with the observed trends.  The greatest preference for 
C-O products is seen with an electron-donating methoxy group (3bl,3bl’). In contrast, 
increasing the steric bulk around the OH leads to more C-C coupled product (3bm). 
Furthermore, increased steric bulk around the ortho- positions (by 3,5-substitution) led to 
greater preponderance of C-O product (3bn’).  
 
Figure 2.5. Couplings of N,N-dimethyl-2-aminonaphthalene with two outcomes (C-Cortho 


































































1 : 2.2 1 : 1.5
1 : 2.3 1 : 3.1
2.7 : 1 1 : 2.9
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Reprinted with permission from Org. Lett.  2020, 22, 1765-1770. Copyright 2020 
American Chemical Society. 
This method required certain structural and electronic parameters for coupling to occur. 
Specifically, para-substitution of the aniline derivative is required. N,N-Dimethylaniline as 
well as ortho-substituted N,N-dimethylanilines did not undergo coupling with this method. 
Further, electron-withdrawing substituents on the aniline or phenol partner were not 
tolerated. The incorporation of the nitrogen into a ring (e.g. N-methylpyrrole or N-
methylindole) did not afford cross-coupled product using our method.  
2.5 Mechanistic Experiments 
To gain greater insight into the reaction, the active catalyst of the system was 
determined. The addition of 100 mol % oxo-Cr(V) was found to result in 100% conversion 
of starting material. Addition of sterically hindered base (2,6-di-tert-butyl-4-
methylpyridine) increased the rate of loss of oxo-Cr(V) (1 min vs 20 s). This finding is 
consistent with reported work on the cross-couplings of phenol with the same chromium-
salen catalyst.19 
Cyclic voltammetry and calculated nucleophilicities were used to probe which 
substrate likely initiates the reaction. The onset oxidation potential of N,N-dimethyl-2-
aminonaphthalene (0.33 eV, relative to Fe/Fe+) was found to be significantly lower than 
the most oxidizable phenolic partner, 2,6-dimethoxyphenol (0.89 eV)19 suggesting the 
aminonaphthalene was the more oxidizable species in the reaction. Support for this 
oxidation order is the facile quantitative formation of a homo-dimer when N,N-dimethyl-
2-aminonaphthalene alone is subjected to the catalyst.  
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Free radical inhibitor butylated hydroxytoluene (BHT, 1.06 eV) was found to alter the 
reaction outcome dramatically. When N,N-dimethyl-2-aminonaphthalene (eq 3, no phenol 
present except BHT) was subjected to the chromium-salen catalyst under air with BHT, the 
aminonaphthalene homo-coupling that was otherwise observed (see above) was 
completely suppressed and compound 4 was formed instead. 
 
2.6 Proposed Mechanism 
Based on the mechanistic data, a catalytic cycle is proposed (Figure 2.6). Binding of 
the sterically hindered N,N-dimethyl-2-aminonaphthalene to the chromium-salen catalyst 
would be disfavored,20 suggesting the possibility of an outer-sphere oxidation occurring in 
the reaction. Such an oxidation by the oxo-Cr(V) species II would yield a radical cation 
and Cr(IV) species III. A computational study of the site nucleophilicities19 of the coupling 
partners revealed the deprotonated phenol/naphthol (1.67-2.88, see Experimental and 
previous work19) partner is considerably more nucleophilic at the ortho-carbon than N,N-
dimethyl-2-aminonaphthalene (0.95). Thus, after transfer of a proton from the phenol to 
III, attack of the more nucleophilic phenolate onto the radical cation accompanied by a 
one-electron oxidation would induce selective cross coupling and yield IV. Addition of 
base suppresses formation of the aminonaphthalene homo-dimer by about 6% in the cross-
 
20 A structure search of the Cambridge Crystallographic Data Centre showed no examples 





















coupling of N,N-dimethyl-2-aminonaphthalene and 4-chlorophenol, which further supports 
the role of the phenolate anion. Ultimately, tautomerization and water release leads to the 
product and regenerates the Cr(III)-salen catalyst I. The complementary nature of the 
coupling partners (oxidizability vs nucleophilicity) is similar to that invoked in some 
phenol cross-couplings.8d 
 
Figure 2.6. Proposed catalytic cycle for oxidative cross-coupling. Reprinted with 
permission from Org. Lett.  2020, 22, 1765-1770. Copyright 2020 American Chemical 
Society. 
For some cases (i.e. unhindered phenols), phenol oxidation may involve coordination 
to the Cr(IV) species III and inner sphere electron transfer; however, dissociation of the 
resulting phenoxyl equivalent needs to be invoked to explain the C-O coupling outcomes 
(Figure 2.5).  For more hindered phenols (e.g. 2,6-di-tert-butylphenol), outer sphere 









































In conclusion, we have shown an effective oxidative cross-coupling of N,N-
disubstituted aniline derivatives with naphthols and phenols. The method proceeds under 
benign conditions, using O2 in air as the oxidant at room temperature. It was found that the 
method could be used to synthesize a variety of coupled products. The naphthol and phenol 
partner coupled when containing electron-donating substituents, or weakly electron-
withdrawing groups. The aminonaphthalene and aniline partners required electron-
donating substituents. Additionally, the method tolerated various different alkyl 
substitution on the nitrogen.  Mechanism experiments suggest oxidation of the aniline 
portion occurs first, which then engages in a coupling with the more nucleophilic species 
(naphthol/phenol) at the more nucleophilic site via a Cr(V) to Cr(III) redox couple.  
2.8 Experimental 
General Considerations 
Solvents and reagents were used without prior purification when commercially 
available. Catalysts used in screening were purchased when commercially available or 
synthesized using known protocols.8g High throughput experiments were performed at the 
Penn/Merck High Throughput Experimentation Laboratory at the University of 
Pennsylvania. The screens were analyzed by HPLC by addition of an internal standard. 
The synthesis of N,N-disubstituted aniline starting material (2d-2h) was performed using 
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known protocols.11b,21,22 The synthesis of the oxo-Cr(V) species was performed using a 
known protocol.19 
Analytical thin layer chromatography (TLC) was performed on EM Reagents 0.25 mm 
silica-gel 254-F plates. Visualization was accomplished with UV light. Chromatography 
was performed using a forced flow of the indicated solvent system on EM Reagents Silica 
Gel 60 (230-400 mesh). 1H NMR spectra were recorded on a 400 or 500 MHz spectrometer. 
Chemical shifts are reported in ppm from tetramethylsilane (0 ppm) or from the solvent 
resonance (CDCl3 7.26 ppm). Data are reported as follows: chemical shift, multiplicity (s 
= singlet, d = doublet, t = triplet, m = multiplet), coupling constants, and number of protons. 
Decoupled 13C NMR spectra were recorded at 100, 125, or 150 MHz. IR spectra were taken 
on an FT-IR spectrometer using a thin film on NaCl plate. Accurate mass measurement 
analyses were conducted via time-of-flight mass analyzer GCMS with electron ionization 
(EI) or via time-of-flight mass analyzer LCMS with electrospray ionization (ESI). The 
signals were measured against an internal reference of perfluorotributylamine for EI-
GCMS and leucine enkephalin for ESI-LCMS. The instrument was calibrated and 
measurements were made using neutral atomic masses; the mass of the electron removed 
or added to create the charged species is not taken into account. Cyclic voltammograms 
were recorded using a glassy carbon working electrode immersed in a 0.02 M solution of 
 
21 Chiranjeevi, B.; Vinayak, B.; Parsharamulu, T.; PhaniBabu, V. S.; Jagadeesh, B.; Sridhar, 
B.; Chandrasekharam, M. Iron(III)-Catalyzed C-H Functionalization: ortho-
Benzoyloxylation of N,N-Dialkylanilines and Its Application to 1,4-Benzoxazepines. Eur. 
J. Org. Chem. 2014, 7839-7849. 
22 MacMillan, D. W. C.; Noble, A. Photoredox a-Vinylation of a-Amino Acid and N-Aryl 
Amines. J. Am. Chem. Soc. 2014, 136, 11602-11605. 
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tetra-n-butyl ammonium hexafluorophosphate in MeCN with 0.001-0.002 M substrate and 
0.001 M ferrocene as internal standard using a scan rate of 0.1 V/s. Site nucleophilicity 
calculations were performed on the N,N-dimethylaminonaphthalene, N,N-dimethyl-p-
toluidine, and phenols using the method previously reported.19 
Procedure for the Catalyst Screen of Aniline/Phenol Coupling using HTE 
In a 24-well plate, 1 mL vials were each dosed with 0.5 µmol of catalyst, a solution of 
N,N-dimethyl-p-toluidine (10 µmol), 2-naphthol (10 µmol), and 1,1,1,3,3,3-hexafluoro-2-
propanol (HFIP) (100 µL). A solution of tert-butyl hydrogen peroxide solution (4 µL, ~ 
5.5 M in decane) was added to each vial. A parylene stir-bar was added to each vial. The 
reactor plate was sealed and stirred at 80 °C for 24 h. After cooling to ambient temperature, 
the vials were diluted with a solution of 4,4’-di-tert-butylbiphenyl (internal standard) (1 
µmol, 500 µL) in MeCN and then sealed. The contents were shaken for 5 min, and then 
centrifuged. To a separate 96-well LC plate (only used one quadrant) with 1 mL vials were 
added 700 µL of MeCN, and then 25 µL of the diluted reaction mixtures. The 96-well plate 
LC block was sealed with a polypropylene 1 mL cap mat. The mixture was then analyzed 





Figure 2.7. Structures of catalyst used in the high-throughput experimentation screening, 
and explanation of acronyms. Reprinted with permission from Org. Lett.  2020, 22, 1765-
1770. Copyright 2020 American Chemical Society. 
Table 2.2. Raw data obtained from the high-throughput experimentation screening and 
HPLC yield. Reprinted with permission from Org. Lett.  2020, 22, 1765-1770. Copyright 
2020 American Chemical Society. 
Correction Factor: 0.6343 
Vial Catalyst SM (aniline) 
SM 
(naphthol) Prod IS Prod/IS 
HPLC 
Yield (%) 
A:8 Cu-salan-Cy-NO2 0 0 915389.209 229246.25 3.99303897 25.331091 
B:9 Mn-salan-Ph-tBu 0 0 620568.871 206110.02 3.01086222 19.1003457 
D:7 Cr-salan-Ph-OMe 0 0 584132.204 205328.529 2.84486626 18.0472984 
D:8 Cr-salen-Cy-tBu 0 0 566114.092 210646.224 2.68751123 17.0490676 
C:11 Cr-salen-Ph-OMe 0 0 498449.609 199344.468 2.50044365 15.8623459 
A:10 Cu-salen-Ph-OMe 0 0 600732.116 241217.527 2.49041653 15.7987358 
A:9 Cu-salan-Ph-OMe 0 0 514026.937 242626.971 2.11858944 13.4399344 
C:10 Fe-salen-BINAM-NO2 0 0 406800.815 200199.736 2.03197479 12.8904673 
D:9 V-salan-Ph-tBu 0 0 428605.092 218704.635 1.95974398 12.4322486 
B:7 Cu(OTf)2 0 0 398650.56 213275.758 1.86917896 11.857721 
B:8 Cu(OTf)/bipyridine 0 0 363355.408 206741.743 1.75753286 11.1494591 
B:10 Mn-salan-Ph-OMe 0 0 369684.19 220848.11 1.67392961 10.6190958 
C:8 Fe-salan-Ph-tBu 20031.3234 0 297450.3 204888.931 1.45176364 9.20971648 
B:12 Mn-salen-Cy-NO2 0 0 296703.395 205907.936 1.44095173 9.14112775 
D:12 V-salan-BINAM-NO2 10055.6168 0 239606.94 222339.9 1.07766055 6.83647658 
C:12 Cr-salen-Ph-tBu 0 240815.687 208014.384 204433.469 1.01751629 6.45493267 
C:7 Fe-salen-Ph-OMe 33555.9824 0 214848.679 213165.343 1.00789686 6.39390881 






































D:11 V-salan-Cy-NO2 0 0 189718.455 208353.379 0.91056097 5.77642816 
A:7 Cu-salan-Cy-OMe 0 0 182081.399 243058.205 0.74912674 4.75231966 
A:11 Cu-salen-Ph-tBu 0 0 161546.2 235279.221 0.68661482 4.35575575 
A:12 Cu-salen-Ph-NO2 74829.8486 0 131962.619 274859.746 0.48010893 3.04572108 
B:11 Mn-salen-BINAM-NO2 0 0 50063.1451 205168.848 0.24400949 1.54795048 
D:10 V-salen-Ph-OMe 0 0 49424.8467 228003.671 0.21677215 1.3751619 
 
Typical HPLC Traces for Catalyst Screen 
 
Figure 2.8. HPLC traces for vial A:8 (Cu-salan-Cy-NO2). Internal standard is found at 
1.70 and product is found at 0.73. Reprinted with permission from Org. Lett.  2020, 22, 
1765-1770. Copyright 2020 American Chemical Society. 
 
Figure 2.9. HPLC traces for vial D:8 (Cr-salen-Cy-t-Bu). Internal standard is found at 
1.70 and product is found at 0.73. Reprinted with permission from Org. Lett.  2020, 22, 




Figure 2.10. HPLC traces for vial C:8 (Fe-salan-Ph-t-Bu). N,N-Dimethyl-p-toluidine 
starting material is found at 0.40. Reprinted with permission from Org. Lett.  2020, 22, 
1765-1770. Copyright 2020 American Chemical Society. 
 
 
Figure 2.11. HPLC traces for vial C:12 (Cr-salen-Ph-t-Bu). 2-Naphthol starting material 
is found at 0.85. Reprinted with permission from Org. Lett.  2020, 22, 1765-1770. 
Copyright 2020 American Chemical Society. 
General Procedure for Scale Up of Best Catalysts from HTE Screen 
To a 10-mL microwave vial was added aniline (0.1 mmol), phenol (0.1 mmol), metal-
salen catalyst (0.01 mmol), and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) (1.0 mL). tert-
Butyl hydrogen peroxide solution (~ 5.5 M in decane, 0.2 mmol) was added to the reaction 
 
94 
mixture, and the microwave vial was sealed with a crimp cap. The reaction mixture was 
stirred at 80 °C overnight using an IKA hot plate with a thermostatted aluminum reactor 
block. After cooling to ambient temperature, the reaction mixture was filtered through a 
plug of silica and was concentrated. After addition of 4,4’-di-tert-butylbiphenyl (0.04 
mmol) and CDCl3 (1 mL), these mixtures were analyzed 1H NMR spectroscopy to 
determine chemical yields for each catalyst.  
Table 2.3. 1H NMR yields of scaled-up coupling reactions using best leads from the HTE 
screen. Reprinted with permission from Org. Lett.  2020, 22, 1765-1770. Copyright 2020 
American Chemical Society. 
 
Catalyst Yield 
Cu-Salan-Cy-NO2 42 % 
Mn-Salan-Ph-tBu 31 % 
Cr-Salen-Cy-tBu 44 % 
  
General Procedure for Oxidative Coupling of Aniline and Phenols 
          
 To a 10-mL microwave vial open to air was added aniline (0.1 mmol), phenol (0.15 
mmol), Cr-Salen-Cy catalyst (0.01 mmol), and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) 
N
+ Catalyst (5 mol %)








Cr-Salen Cat (10 mol %)


















(1.0 mL). The vial was capped with a rubber septum and stirred at room temperature for 
the indicated time. After the reaction was complete as judged by TLC, silica was added to 
the mixture and the solvent was evaporated. The resultant silica was dry loaded onto a silica 
column and chromatographed using 10-20% EtOAc/hexane to afford the product. 
 
 2’-(Dimethylamino)-[1,1’-binaphthalen]-2-ol (3ba). Following the general 
procedure for 21 h and using 20% EtOAc/hexanes for chromatography, the product was 
obtained in a 74% yield (23.0 mg, 0.073 mmol) as a tan solid. Spectral data are in 
agreement with those reported.17 
 
 6-Bromo-2’-(dimethylamino)-[1,1’-binaphthalen]-2-ol (3bb). Following the 
general procedure for 19 h, the product was obtained as an orange brown amorphous solid 
in a 59% yield (23.4 mg, 0.060 mmol): Rf = 0.38 in 20% EtOAc/hexanes; 1H NMR (500 
MHz, CDCl3) d 8.01 (d, J = 2.0 Hz, 1H), 7.97 (d, J = 9.0 Hz, 1H) 7.84 (d, J = 8.1 Hz, 1H), 
7.79 (d, J = 8.8 Hz, 1H), 7.50 (d, J = 9.0 Hz, 1H), 7.39 (d, J = 8.9 Hz, 1H), 7.35-7.32 (m, 
1H), 7.26 (dd, J = 9.0, 2.1 Hz, 1H), 7.19-7.16 (m, 1H), 6.99 (d, J = 10.2 Hz, 1H), 6.97 (d, 










130.5, 130.2, 130.1, 129.8, 129.6, 128.8, 128.1, 127.6, 126.8, 125.6, 124.4, 121.5, 120.6, 
118.7, 118.3, 117.0, 43.7; IR (neat) 3490, 3059, 2839, 1617, 1588, 1504, 1459, 1427, 1377, 
1352, 1266, 1204, 1168, 1143, 1075, 993, 933, 877, 818, 750; HRMS (ESI) m/z = 392.0650 
calcd for C22H19BrNO [M+H]+, found 392.0663. 
 
 2’-(Dimethylamino)-6-methoxy-[1,1’-binaphthalen]-2-ol (3bc). Following the 
general procedure for 5 h, the product was obtained as a brown amorphous solid in a 64% 
yield (71% based on recovered starting material) (20.1 mg, 0.058 mmol): Rf = 0.17 in 10% 
EtOAc/hexanes; 1H NMR (500 MHz, CDCl3) d 7.95 (d, J = 8.9 Hz, 1H), 7.83 (d, J = 8.5 
Hz, 1H), 7.79 (d, J = 8.8 Hz, 1H), 7.50 (d, J = 8.9 Hz, 1H), 7.35 (d, J = 8.5 Hz, 1H) 7.33-
7.30 (m, 1H), 7.20 (d, J = 2.6 Hz, 1H), 7.18-7.14 (m, 1H), 7.06 (d, J = 8.6 Hz, 1H), 7.01 
(d, J = 9.2 Hz, 1H), 6.89 (dd, J = 9.2, 2.6 Hz, 1H) 3.91 (s, 3H), 2.65 (s, 6H); 13C NMR 
(125 MHz, CDCl3) d 155.8, 150.0, 149.2, 133.9, 130.2, 130.1, 129.9, 129.3, 128.4, 127.9, 
127.3, 126.6, 125.9, 124.3, 122.4, 119.9, 118.79, 118.75, 118.3, 106.5, 55.3, 43.7; IR (neat) 
3375, 3052, 2935, 1596, 1506, 1364, 1234, 1166, 1070, 1033, 992, 950, 851, 816, 735; 









 2,6-Di-tert-butyl-4-(2-(dimethylamino)naphthalen-1-yl)phenol (3bd). Following 
the general procedure for 19 h, the product was obtained as a yellow orange amorphous 
solid in a 81% yield (30.5 mg, 0.081 mmol): Rf = 0.59 in 10% EtOAc/hexanes; 1H NMR 
(500 MHz, CDCl3) d 7.78-7.76 (m, 2H), 7.68-7.66 (m, 1H), 7.39 (d, J = 8.9 Hz, 1H), 7.32-
7.30 (m, 2H), 7.19 (s, 2H), 5.22 (s, 1H), 2.57 (s, 6H), 1.47 (s, 18H); 13C NMR (125 MHz, 
CDCl3) d 152.4, 148.8, 135.5, 133.9, 130.6, 129.6, 129.4, 127.7, 127.6, 126.6, 125.6, 125.5, 
123.3, 120.1, 43.5, 34.4, 30.5; IR (neat) 3637, 2955, 2870, 1594, 1506, 1437, 1381, 1360, 
1338, 1311, 1264, 1230, 1198, 1154, 1120, 981, 888, 816, 748, 717; HRMS (ESI) m/z = 
376.2640 calcd for C26H34NO [M+H]+, found 376.2653. 
 
 4-(2-(Dimethylamino)naphthalen-1-yl-2,6-dimethylphenol (3be). Following the 
general procedure for 16 h and using 20% EtOAc/hexanes for chromatography, the product 
was obtained in a 79% yield (23.2 mg, 0.080 mmol) as a light yellow solid. Spectral data 












 4-(2-(Dimethylamino)naphthalen-1-yl-2,6-dimethoxyphenol (3bf). Following the 
general procedure for 17h and using 20% EtOAc/hexanes for chromatography, the product 
was obtained in a 69% yield (22.7 mg, 0.070 mmol) as a grey solid. Spectral data are in 
agreement with those reported.14 
 
 2-(tert-Butyl)-4-(2-(dimethylamino)naphthalen-1-yl)-5-methylphenol (3bg). 
Following the general procedure for 15 h, the product was obtained as an orange yellow 
amorphous solid in a 79% yield (22.0 mg, 0.066 mmol): Rf = 0.37 in 10% EtOAc/hexanes; 
1H NMR (500 MHz, CDCl3) d 7.82-7.78 (m, 2H), 7.41 (d, J = 8.9 Hz, 1H), 7.36-7.28 (m, 
3H), 7.09 (s, 1H), 6.66 (s, 1H), 4.77 (s, 1H), 2.61 (s, 6H), 1.89 (s, 3H), 1.41 (s, 9H); 13C 
NMR (125 MHz, CDCl3) d 153.0, 149.1, 135.9, 134.0, 133.3, 130.44, 130.39, 129.9, 129.8, 
128.1, 127.7, 125.9, 125.4, 123.6, 119.8, 118.1, 43.9, 34.3, 30.0, 19.2; IR (neat) 3525, 3275, 
3052, 2954, 1595, 1505, 1483, 1468, 1451, 1406, 1368, 1339, 1280, 1263, 1196, 1180, 
1140, 1117, 1049, 987, 817, 737, 701; HRMS (ESI) m/z = 334.2171 calcd for C23H28NO 













 2,4-Di-tert-butyl-6-(2-(dimethylamino)naphthalen-1-yl)phenol (3bh). Following 
the general procedure for 17 h, the product was obtained as a yellow amorphous solid in a 
67% yield (25.4 mg, 0.068 mmol): ): Rf = 0.62 in 10% EtOAc/hexanes; 1H NMR (500 
MHz, CDCl3) d 8.71 (s, 1H), 7.87 (d, J = 8.8 Hz, 1H), 7.82-7.77 (m, 2H), 7.47-7.34 (m, 
4H), 7.17 (d, J = 2.1 Hz, 1H), 2.71 (s, 6H), 1.50 (s, 9H), 1.32 (s, 9H); 13C NMR (150 MHz, 
CDCl3) d 151.1, 146.4, 141.5, 138.4, 134.0, 131.1, 129.4, 128.8, 128.6, 127.8, 126.6, 126.1, 
125.7, 124.4, 122.9, 117.6, 43.5, 35.3, 34.4, 31.7, 29.9; IR (neat) 3523, 3050, 2952, 2907, 
2868, 1507, 1457, 1440, 1389, 1376, 1361, 1327, 1297, 1265, 1234, 1200, 1157, 1142, 
973, 816, 750, 740; HRMS (ESI) m/z = 376.2640 calcd for C26H34NO [M+H]+, found 
376.2662. 
 
 1-(2-(Dimethylamino)-5-methylphenyl)naphthalen-2-ol (3aa). Following the 
general procedure for 21 h and using 10% EtOAc/hexanes for chromatography, the product 
was obtained in a 68% yield (18.9 mg, 0.068 mmol) as a tan solid. Spectral data are in 













 6-Bromo-1-(2-(dimethylamino)-5-methylphenyl)naphthalen-2-ol (3ab). 
Following the general procedure for 19 h, the product was obtained as an orange 
amorphous solid in a 70% yield (25.0 mg, 0.070 mmol): Rf = 0.39 in 10% EtOAc/hexanes; 
1H NMR (500 MHz, CDCl3) d 10.29 (s, 1H), 7.96 (d, J = 2.1 Hz, 1H), 7.69 (d, J = 8.5 Hz, 
1H), 7.68 (d, J = 8.2 Hz, 1H) 7.43 (dd, J = 9.1, 2.1 Hz, 1H), 7.28 (d, J = 8.8 Hz, 1H), 7.23 
(dd, J = 8.3, 1.4 Hz, 1H), 7.17-7.16 (m, 2H), 2.66 (s, 6H), 2.32 (s, 3H); 13C NMR (125 
MHz, CDCl3) d 152.5, 147.6, 135.6, 132.6, 132.0, 131.1, 130.1, 130.0, 129.3, 129.2, 128.3, 
127.3, 121.8, 121.3, 118.2, 116.7, 43.7, 20.7; IR (neat) 3515, 2922, 1587, 1494, 1458, 1362, 
1333, 1300, 1277, 1264, 1231, 1176, 1133, 955, 927, 877, 817, 736, 537, 525, 498; HRMS 
(ESI) m/z = 356.0650 calcd for C19H19BrNO [M+H]+, found 356.0655. 
 
1-(2-(Diethylamino)-5-methylphenyl)naphthalen-2-ol (3ca). Following the general 
procedure for 17 h, the product was obtained as a brown amorphous solid in a 28% yield 
(55% based on recovered starting material) (8.5 mg, 0.028 mmol): Rf = 0.57 in 20% 
EtOAc/hexanes; 1H NMR (500 MHz, CDCl3) d 10.48 (s, 1H), 7.81 (d, J = 7.9 Hz, 1H), 













J = 8.3 Hz, 1H), 3.05-2.95 (m, 4H), 2.32 (s, 3H), 1.01 (t, J = 7.1 Hz, 6H); 13C NMR (125 
MHz, CDCl3) d 152.0, 136.1, 133.6, 132.0, 129.9, 129.34, 129.29, 128.6, 128.5, 128.2, 
126.0, 125.3, 123.0, 120.8, 120.64, 120.59, 46.5, 20.7, 11.3; IR (neat) 3175, 3051, 2971, 
2927, 2856, 1617, 1593, 1497, 1462, 1374, 1337, 1266, 1233, 1170, 1153, 1132, 1095, 
954, 817, 786, 749, 684; HRMS (ESI) m/z = 306.1858 calcd for C21H24NO [M+H]+, found 
306.1847. 
 
 6-Bromo-1-(2-(diethylamino)-5-methylphenyl)naphthalen-2-ol (3cb). Following 
the general procedure for 16 h, the product was obtained as an orange brown amorphous 
solid in a 65% yield (24.8 mg, 0.065 mmol): Rf = 0.55 in 20% EtOAc/hexanes; 1H NMR 
(500 MHz, CDCl3) d 10.60 (s, 1H), 7.96 (d, J = 1.4 Hz, 1H), 7.67 (d, J = 8.9 Hz, 1H), 7.64 
(d, J = 9.1 Hz, 1H), 7.41 (dd, J = 9.1, 1.2 Hz, 1H), 7.28 (d, J = 8.9 Hz, 1H), 7.22-7.18 (m, 
2H), 7.14 (d, J = 8.2 Hz, 1H), 3.06-2.94 (m, 4H), 2.33 (s, 3H), 1.02 (t, J = 7.1 Hz, 6H); 
13C NMR (125 MHz, CDCl3) d 152.4, 144.7, 136.0, 132.6, 132.1, 131.6, 131.1, 130.0, 
129.1, 128.8, 128.2, 127.3, 121.9, 121.5, 120.6, 116.6, 46.4, 20.7, 11.3; IR (neat) 3505, 
3025, 2972, 2930, 2870, 1586, 1493, 1461, 1372, 1357, 1333, 1265, 1234, 1192, 1169, 
1151, 1098, 1070, 951, 897, 876, 819, 737, 509; HRMS (ESI) m/z = 384.0963 calcd for 









 1-(5-Methyl-2-(pyrrolidine-1-yl)phenyl)naphthalen-2-ol (3da). Following the 
general procedure for 19 h, the product was obtained as a dark orange amorphous solid in 
a 88% yield (27.3 mg, 0.090 mmol): Rf = 0.50 in 15% EtOAc/hexanes; 1H NMR (500 MHz, 
CDCl3) d 8.68 (s, 1H), 7.83 (d, J = 7.1 Hz, 1H), 7.82 (d, J = 7.1 Hz, 1H), 7.76 (d, J = 8.8 
Hz, 1H), 7.38 (t, J = 7.2 Hz, 1H), 7.34 (t, J = 7.2 Hz, 1H), 7.24 (d, J = 8.9 Hz, 1H), 7.18-
7.17 (m, 2H), 7.07 (d, J = 8.9 Hz, 1H), 3.10-3.05 (m, 2H), 2.84-2.82 (m, 2H), 2.31 (s, 3H), 
1.84-1.74 (m, 4H); 13C NMR (150 MHz, CDCl3) d 151.8, 145.6, 135.3, 133.3, 130.6, 129.6, 
129.1, 129.0, 128.0, 127.1, 126.0, 125.7, 123.1, 122.0, 119.5, 116.5, 50.9, 24.5, 20.5; IR 
(neat) 3288, 3050, 2952, 2923, 1661, 1622, 1505, 1464, 1434, 1343, 1302, 1265, 1145, 
958, 865, 817, 783, 732, 701, 635, 590; HRMS (ESI) m/z = 304.1701 calcd for C21H22NO 
[M+H]+, found 304.1697. 
 
 6-Bromo-1-(5-methyl-2-(pyrrolidine-1-yl)phenyl)naphthalen-2-ol (3db). 
Following the general procedure for 18 h, the product was obtained as a brown amorphous 
solid in a 50% yield (61% based on recovered starting material) (17.0 mg, 0.045 mmol): 












2.0 Hz, 1H), 7.70 (d, J = 9.2 Hz, 1H), 7.67 (d, J = 8.9 Hz, 1H), 7.44 (dd, J = 9.1, 2.1 Hz, 
1H), 7.25 (d, J = 9.2 Hz, 1H), 7.18 (dd, J = 8.4, 1.6 Hz, 1H), 7.12 (d, J = 1.5 Hz, 1H), 7.07 
(d, J = 8.4 Hz, 1H), 3.06-3.03 (m, 2H), 2.82-2.79 (m, 2H), 2.31 (s, 3H), 1.82-1.77 (m, 4H); 
13C NMR (125 MHz, CDCl3) d 152.1, 135.0, 131.8, 130.7, 129.8, 129.2, 129.1, 128.0, 
127.5, 126.4, 122.2, 121.3, 120.5, 116.7, 116.5, 109.1, 50.8, 24.4, 20.4; IR (neat) 3175, 
3053, 2923, 1667, 1586, 1494, 1417, 1378, 1357, 1337, 1264, 1192, 1163, 1099, 1068, 
955, 880, 819, 733, 702, 514; HRMS (ESI) m/z = 382.0807 calcd for C21H21BrNO [M+H]+, 
found 382.0793. 
 
1-(5-Methyl-2-(piperidin-1-yl)phenyl)naphthalen-2-ol (3ea). Slightly modifying the 
general procedure by heating the reaction at 50 °C for 18 h using an IKA hot plate with a 
thermostatted aluminum reactor block and using 10% EtOAc/hexanes for chromatography, 
the product was obtained in a 28% yield (9.2 mg, 0.029 mmol) (49% yield based on 
recovered starting material) as an orange yellow amorphous solid. Spectral data are in 










 6-Bromo-1-(5-methyl-2-(piperidin-1-yl)phenyl)naphthalen-2-ol (3eb). Following 
the general procedure for 16 h, the product was obtained as an orange brown amorphous 
solid in a 45% yield (17.8 mg, 0.045 mmol): Rf = 0.35 in 10% EtOAc/hexanes; 1H NMR 
(500 MHz, CDCl3) d 10.61 (s, 1H), 7.96 (d, J = 2.1 Hz, 1H), 7.68 (d, J = 9.1 Hz, 1H), 7.67 
(d, J = 8.8 Hz, 1H), 7.42 (dd, J = 9.1, 2.1 Hz, 1H), 7.31 (d, J = 8.9 Hz, 1H), 7.22 (dd, J = 
8.3, 1.7 Hz, 1H), 7.17-7.13 (m, 2H), 2.96-2.88 (m, 4H), 3.32 (s, 3H), 1.58-1.49 (m, 6H); 
13C NMR (125 MHz, CDCl3) d 152.4, 147.9, 135.6, 132.7, 132.1, 131.1, 130.7, 130.0, 
129.3, 129.1, 128.2, 127.4, 122.1, 121.4, 118.7, 116.7, 53.6, 26.1, 23.8, 20.7; IR (neat) 
3200, 3052, 2936, 2854, 1656, 1587, 1494, 1469, 1452, 1359, 1333, 1276, 1264, 1235, 
1206, 1172, 1149, 953, 906, 880, 818, 736; HRMS (ESI) m/z = 396.0963 calcd for 
C22H23BrNO [M+H]+, found 396.0949. 
 
6-Bromo-1-(5-methyl-2-morpholinophenyl)naphthalen-2-ol (3fb). Following the 
general procedure for 19 h, the product was obtained as a light brown amorphous solid in 














in 10% EtOAc/hexanes; 1H NMR (500 MHz, CDCl3) d 9.63 (s, 1H), 7.99 (d, J = 2.1 Hz, 
1H), 7.71 (d, J = 8.9 Hz, 1H), 7.64 (d, J = 9.1 Hz, 1H), 7.46 (dd, J =  9.1, 2.1 Hz, 1H), 
7.34 (d, J = 8.9 Hz, 1H), 7.27 (dd, J = 8.5, 1.6 Hz, 1H), 7.18 ( d, J = 1.6, 1H), 7.16 (d, J = 
8.3, 1H), 3.70-3.67 (m, 4H), 3.03 (m, 2H), 2.93 (m, 2H), 2.36 (s, 3H); 13C NMR (150 MHz, 
CDCl3) d 151.6, 146.3, 135.7, 133.7, 131.8, 131.2, 130.1, 129.8, 129.7, 129.5, 128.6, 127.1, 
121.6, 120.8, 118.5, 117.1, 66.7, 52.4, 20.7; IR (neat) 3280, 2952, 2925, 2853, 1587, 1493, 
1451, 1372, 1359, 1332, 1275, 1263, 1227, 1205, 1172, 1115, 1070, 953, 926, 916, 881, 
817, 736; HRMS (ESI) m/z = 398.0756 calcd for C21H21BrNO2 [M+H]+, found 398.0785. 
 
 1-(2-(Dimethylamino)-5-methoxyphenyl)naphthalen-2-ol (3ga). Following the 
general procedure for 16 h and using 10% EtOAc/hexanes for chromatography, the product 
was obtained in a 41% yield (12.1 mg, 0.041 mmol) as a light yellow amorphous solid. 
Spectral data are in agreement with those reported.11b 
 
6-Bromo-1-(2-(dimethylamino)-5-methoxyphenyl)naphthalen-2-ol (3gb). Following 
the general procedure for 18 h, the product was obtained as a brown amorphous solid in a 














10% EtOAc/hexanes; 1H NMR (500 MHz, CDCl3) d 10.54 (s, 1H), 7.96 (d, J = 2.0 Hz, 
1H), 7.70-7.69 (m, 2H), 7.42 (dd, J = 9.1, 2.0 Hz, 1H), 7.30 (d, J = 8.8 Hz, 1H), 7.24 (d, J 
= 8.9 Hz, 1H), 6.98 (dd, J = 8.9, 3.0 Hz, 1H), 6.91 (d, J = 3.0 Hz, 1H), 3.76, (s, 3H), 2.67 
(s, 6H); 13C NMR (125 MHz, CDCl3) d 155.5, 152.7, 143.0, 132.0, 131.7, 131.1, 130.1, 
129.3, 128.6, 127.0, 122.0, 120.7, 120.0, 119.4, 116.8, 114.4, 55.7, 44.2; IR (neat) 3300, 
3053, 2925, 2850, 1587, 1492, 1460, 1414, 1357, 1335, 1288, 1265, 1236, 1202, 1168, 
1133, 1070, 1038, 954, 928, 879, 819, 736; HRMS (ESI) m/z = 372.0599 calcd for 
C19H19BrNO2 [M+H]+, found 372.0623. 
 
 1-(5-Methoxy-2-(pyrrolidin-1-yl)phenyl)naphthalen-2-ol (3ha). Following the 
general procedure for 16 h and using 10% EtOAc/hexanes for chromatography, the product 
was obtained in a 79% yield (24.7 mg, 0.078 mmol) as a dark orange amorphous solid. 
Spectral data are in agreement with those reported.11b 
 
 3,5-Di-tert-butyl-5’-methyl-2’-(pyrrolidine-1-yl)-[1,1’-biphenyl]-4-ol (3dd). 












amorphous solid in a 42% yield (15.3 mg, 0.042 mmol): Rf = 0.43 in 2% EtOAc/hexanes; 
1H NMR (500 MHz, CDCl3) d 7.32 (s, 2H), 7.04 (d, J = 2.0 Hz, 1H), 7.01 (dd, J = 8.2, 1.7 
Hz, 1H), 6.81 (d, J = 8.2 Hz, 1H), 5.13 (s, 1H), 2.83 (t, J = 6.4 Hz, 4H) 2.30 (s, 3H), 1.74-
1.72 (m, 4H), 1.46 (s, 18H); 13C NMR (125 MHz, CDCl3) d 152.2, 145.5, 135.3, 133.4, 
132.4, 132.0, 128.1, 127.6, 125.4, 115.3, 50.3, 34.3, 30.5, 24.9, 20.3; IR (neat) 3640, 2955, 
2871, 1500, 1483, 1457, 1436, 1391, 1358, 1311, 1265, 1232, 1199, 1155, 1121, 878, 808, 
738, 716, 631; HRMS (ESI) m/z = 366.2797 calcd for C25H36NO [M+H]+, found 366.2787. 
 
3,5,5'-Trimethyl-2'-(pyrrolidin-1-yl)-[1,1'-biphenyl]-4-ol (3de). Following a slightly 
modified procedure on double the scale for 8 h, the product was obtained as a light yellow 
amorphous solid in a 38% yield (21.4 mg, 0.076 mmol): Rf = 0.30 in 10% EtOAc/hexanes; 
1H NMR (500 MHz, CDCl3) d 7.08 (s, 2H), 7.00 (dd, J = 8.3, 1.9 Hz, 1H), 6.97 (d, J = 1.7 
Hz, 1H), 6.78 (d, J = 8.3 Hz, 1H), 4.58 (s, 1H), 2.90-2.87 (m, 4H), 2.28 (s, 3H), 2.27 (s, 
6H), 1.75-1.73 (m, 4H); 13C NMR (100 MHz, CDCl3) d 150.6, 145.8, 135.2, 132.8, 130.5, 
129.1, 127.8, 127.5, 122.3, 114.7, 50.9, 25.1, 20.3, 16.0; IR (neat) 3450, 3020, 2963, 2920, 
2870, 1608, 1503, 1481, 1395, 1354, 1314, 1276, 1233, 1192, 1170, 1154, 1075, 1022, 










N,N-Dimethyl-para-toluidine and 4-tert-butylphenol (3ai). Following a slightly 
modified procedure on double the scale for 19 h, the product was obtained as a light yellow 
amorphous solid in a 36% yield (40% based on recovered starting material) (21.5 mg, 0.076 
mmol): Rf = 0.33 in 10% EtOAc/hexanes; 1H NMR (500 MHz, CDCl3) d 10.77 (s, 1H), 
7.38 (d, J = 2.4 Hz, 1H), 7.31 (dd, J = 8.5, 2.5 Hz, 1H), 7.24 (d, J = 1.6 Hz, 1H), 7.18 (dd, 
J = 8.2, 1.4 Hz, 1H), 7.10 (d, J = 8.2 Hz, 1H), 6.94 (d, J = 8.4 Hz, 1H), 2.68 (s, 6H), 2.39 
(s, 3H), 1.36 (s, 9H); 13C NMR (100 MHz, CDCl3) d 153.0, 146.1, 142.9, 135.1, 134.1, 
134.0, 128.6, 127.7, 127.5, 126.0, 118.2, 117.9, 43.7, 34.2, 31.7, 20.8 ; IR (neat) 3500, 
3030, 2955, 2867, 1493, 1460, 1393, 1361, 1297, 1287, 1272, 1256, 1182, 1120, 1041, 
940, 884, 819, 725, 577, 555, 534; HRMS (ESI) m/z = 284.2014 calcd for C19H26NO 
[M+H]+, found 284.1989. 
Following the general procedure for 17 h with 2-N,N-dimethylaminonaphthalene and 
2-tert-butylphenol, a mixture of the ortho and para coupling products was obtained: 
 
2-(tert-Butyl)-6-(2-(dimethylamino)naphthalen-1-yl)phenol (3bj). The ortho product 













= 0.60 in 10% EtOAc/hexanes; 1H NMR (500 MHz, CDCl3) d 8.87 (s, 1H), 7.88 (d, J = 
8.9 Hz, 1H), 7.81 (d, J = 7.6 Hz, 1H), 7.75 (m, 1H), 7.44-7-35 (m, 4H), 7.18 (d, J = 7.5 
Hz, 1H), 6.99 (t, J = 7.6 Hz, 1H), 2.72 (s, 6H), 1.50 (s, 9H); 13C NMR (100 MHz, CDCl3) 
d 153.7, 139.6, 133.9, 131.5, 129.1,127.8, 127.04, 127.00, 126.4, 126.2, 126.1, 124.5, 
120.6, 119.3, 117.6, 116.5, 43.5, 35.2, 29.8; IR (neat) 3500, 3052, 2953, 2922, 2854, 1619, 
1596, 1507, 1482, 1455, 1430, 1389, 1378, 1360, 1327, 1265, 1235, 1199, 1139, 973, 816, 
748; HRMS (ESI) m/z = 320.2014 calcd for C22H26NO [M+H]+, found 320.2010. 
 
2-(tert-Butyl)-4-(2-(dimethylamino)naphthalen-1-yl)phenol (3bj’). The para product 
was obtained as an orange yellow amorphous solid in a 53% yield (16.8 mg, 0.053 mmol): 
Rf = 0.28 in 10% EtOAc/hexanes; 1H NMR (500 MHz, CDCl3) d 7.80-7.77 (m, 2H), 7.59 
(dd, J = 6.2, 2.8 Hz, 1H), 7.41 (d, J = 8.9 Hz, 1H), 7.32-7.29 (m, 3H), 7.08 (dd, J = 7.7, 
1.8 Hz, 1H), 6.76 (d, J = 7.9 Hz, 1H), 4.90 (s, 1H), 2.59 (s, 6H), 1.44 (s, 9H); 13C NMR 
(100 MHz, CDCl3) d 153.0, 148.9, 135.8, 134.0, 130.7, 130.5, 130.2, 129.8, 129.4, 128.0, 
127.7, 125.9, 125.5, 123.6, 119.8, 116.5, 44.0, 34.7, 29.8; IR (neat) 3545, 3270, 3051, 2954, 
2866, 2786, 1618, 1595, 1507, 1482, 1458, 1428, 1407, 1378, 1332, 1259, 1202, 1171, 








Following the general procedure for 17 h with 2-N,N-dimethylaminonaphthalene and 
4-tert-butylphenol, a mixture of the C-C and C-O coupling products was obtained: 
 
4-(tert-Butyl)-2-(2-(dimethylamino)naphthalen-1-yl)phenol (3bi). The C-C product 
was obtained as a yellow orange amorphous solid in a 28% yield (9.0 mg, 0.028 mmol): ): 
Rf = 0.39 in 10% EtOAc/hexanes; 1H NMR (500 MHz, CDCl3) d 7.90 (d, J = 8.9 Hz, 1H), 
7.83 (d, J = 7.9 Hz, 1H), 7.81 (d, J = 8.5 Hz, 1H), 7.46 (d, J = 8.8 Hz, 1H), 7.39-7.34 (m, 
4H), 7.09 (d, J = 8.5 Hz, 1H), 2.73 (s, 6H), 1.34 (s, 9H); 13C NMR (100 MHz, CDCl3) d 
152.4, 142.5, 133.8, 131.3, 130.9, 129.1, 128.9, 127.9, 126.4, 126.31, 126.26, 125.9, 124.7, 
118.5, 117.5, 114.7, 43.8, 34.2, 31.6; IR (neat) 3210, 3056, 2957, 2925, 2854, 1735, 1595, 
1494, 1461, 1364, 1328, 1278, 1259, 1142, 1096, 1045, 1000, 966, 818, 750, 550; HRMS 
(ESI) m/z = 320.2014 calcd for C22H26NO [M+H]+, found 320.2022. 
 
1-(4-(tert-Butyl)phenoxy)-N,N-dimethylnaphthalen-2-amine (3bi’). The C-O product 
was obtained as an orange amorphous solid in a 41% yield (13.3 mg, 0.042 mmol): ): Rf = 
0.69 in 10% EtOAc/hexanes; 1H NMR (500 MHz, CDCl3) d 7.84 (d, J = 8.4 Hz, 1H), 7.78 











6.73 (d, J = 8.8 Hz, 2H), 2.92 (s, 6H), 1.29 (s, 9H); 13C NMR (150 MHz, CDCl3) d 156.2, 
143.9, 142.1, 138.7, 129.8, 129.4, 127.5, 126.3, 126.2, 125.4, 123.6, 121.4, 119.2, 114.5, 
42.8, 34.1, 31.6; IR (neat) 3050, 2959, 1627, 1601, 1505, 1479, 1374, 1364, 1257, 1228, 
1170, 1143, 1112, 1073, 988, 829, 808, 747, 735, 699, 548; HRMS (ESI) m/z = 320.2014 
calcd for C22H26NO [M+H]+, found 320.2035. 
Following the general procedure for 17 h with 2-N,N-dimethylaminonaphthalene and 
4-chlorophenol, a mixture of the C-C and C-O coupling products was obtained: 
 
 4-Chloro-2-(2-(dimethylamino)naphthalen-1-yl)phenol (3bk). The C-C product 
was obtained as an orange amorphous solid in a 14% yield (4.0 mg, 0.013 mmol): ): Rf = 
0.29 in 10% EtOAc/hexanes; 1H NMR (500 MHz, CDCl3) d 7.91 (d, J = 8.9 Hz, 1H), 7.84-
7.82 (m, 1H), 7.79-7.78 (m, 1H), 7.46 (d, J = 8.9 Hz, 1H), 7.43-7.41 (m, 2H), 7.35 (d, J = 
2.6 Hz, 1H), 7.32 (dd, J = 8.6, 2.6 Hz, 1H), 7.10 (d, J = 8.7 Hz, 1H), 2.75 (s, 6H); 13C 
NMR (100 MHz, CDCl3) d 153.6, 146.6, 133.3, 132.8, 131.2, 129.9, 129.1, 128.0, 126.93, 
126.89, 126.88, 125.7, 125.0, 124.7, 120.7, 117.4, 44.0; IR (neat) 3361, 3050, 2923, 2853, 
1619, 1594, 1506, 1476, 1409, 1327, 1265, 1234, 1185, 1141, 1106, 995, 817, 749, 723, 








 1-(4-Chlorophenoxy)-N,N-dimethylnaphthalen-2-amine (3bk’). The C-O product 
was obtained as a light brown amorphous solid in a 32% yield (9.3 mg, 0.031 mmol): ): Rf 
= 0.63 in 10% EtOAc/hexanes; 1H NMR (500 MHz, CDCl3) d 7.79 (d, J = 7.7 Hz, 1H), 
7.77 (d, J = 7.0 Hz, 1H), 7.70 (d, J = 8.9 Hz, 1H), 7.36 (dt, J = 7.5, 1.2 Hz, 1H), 7.34-7.31 
(m, 2H), 7.16 (d, J = 9.0 Hz, 2H), 6.72 (d, J = 9.0 Hz, 2H), 2.89 (s, 6H); 13C NMR (100 
MHz, CDCl3) d 156.8, 129.4, 128.9, 127.8, 126.7, 126.4, 126.1, 126.0, 125.2, 124.0, 121.1, 
121.0, 119.3, 116.3, 42.9; IR (neat) 3060, 2913, 2850, 2290, 1627, 1598, 1505, 1483, 1374, 
1257, 1229, 1213, 11761, 1142, 1093, 1074, 1008, 989, 823, 809, 747, 736, 699, 674; 
HRMS (ESI) m/z = 298.0999 calcd for C18H17ClNO [M+H]+, found 298.0997. 
Following the general procedure for 17 h with 2-N,N-dimethylaminonaphthalene and 
4-methoxyphenol, a mixture of the C-C and C-O coupling products was obtained: 
 
2-(2-(Dimethylamino)naphthalen-1-yl)-4-methoxyphenol (3bl). The C-C product was 
obtained as an orange amorphous solid in a 21% yield (6.3 mg, 0.022 mmol): ): Rf = 0.19 
in 10% EtOAc/hexanes; 1H NMR (500 MHz, CDCl3) d 8.49 (s, 1H), 7.90-7.86 (m, 2H), 











8.8 Hz, 1H), 6.96-6.91 (m, 2H), 3.79 (s, 3H), 2.74 (s, 6H); 13C NMR (100 MHz, CDCl3) d 
153.0, 148.6, 133.5, 131.2, 129.4, 128.0, 127.9, 126.5, 126.1, 126.0, 124.8, 120.1, 118.0, 
117.5, 115.06, 114.98, 55.8, 43.9; IR (neat) 3350, 3056, 2926, 2851, 1596, 1506, 1463, 
1420, 1348, 1274, 1140, 1100, 1038, 998, 817, 753, 734, 700, 686; HRMS (ESI) m/z = 
294.1494 calcd for C19H20NO2 [M+H]+, found 294.1481. 
 
1-(4-Methoxyphenoxy)-N,N-dimethylnaphthalen-2-amine (3bl’). The C-O product 
was obtained as a light brown amorphous solid in a 66% yield (20.3 mg, 0.069 mmol): ): 
Rf = 0.52 in 10% EtOAc/hexanes; 1H NMR (500 MHz, CDCl3) d 7.84 (d, J = 8.5 Hz, 1H), 
7.77 (d, J = 8.2 Hz, 1H), 7.67 (d, J = 8.9 Hz, 1H), 7.36- 7.28 (m, 3H), 6.77-6.72 (m, 4H), 
3.74 (s, 3H), 2.90 (s, 6H); 13C NMR (100 MHz, CDCl3) d 154.2, 152.5, 129.4, 127.6, 126.3, 
125.7, 125.4, 123.70, 123.67, 121.3, 119.4, 119.3, 115.7, 114.5, 55.7, 42.8; IR (neat) 3063, 
2953, 2845, 1626, 1598, 1498, 1463, 1440, 1374, 1351, 1317, 1224, 1202, 1169, 1143, 
1103, 1074, 1034, 988, 823, 811, 749, 727; HRMS (ESI) m/z = 294.1494 calcd for 
C19H20NO2 [M+H]+, found 294.1482. 
Following the general procedure for 17 h with 2-N,N-dimethylaminonaphthalene and 








 2-(2-(Dimethylamino)naphthalen-1-yl)-4,6-dimethylphenol (3bm). The C-C 
product was obtained as a yellow amorphous solid in a 67% yield (19.7 mg, 0.068 mmol): 
Rf = 0.46 in 10% EtOAc/hexanes; 1H NMR (500 MHz, CDCl3) d 8.66 (s, 1H), 7.87 (d, J = 
8.9 Hz, 1H), 7.82-7.80 (m, 2H), 7.44 (d, J = 8.8 Hz, 1H), 7.39-7.34 (m, 2H), 7.06 (s, 1H), 
6.98 (s, 1H), 2.73 (s, 6H), 2.36 (s, 3H), 2.32 (s, 3H); 13C NMR (100 MHz, CDCl3) d 150.5, 
146.1, 133.8, 131.34, 131.26, 131.17, 129.1, 128.8, 128.7, 127.8, 127.6, 126.4, 126.3, 
124.7, 124.5, 117.4, 43.9, 20.7, 16.6; IR (neat) 3410, 3002, 2950, 2915, 2851, 2790, 1700, 
1594, 1506, 1475, 1457, 1426, 1375, 1328, 1298, 1265, 1230, 1216, 1158, 1128, 1043, 
984, 960, 855, 816, 768, 748; HRMS (ESI) m/z = 292.1701 calcd for C20H22NO [M+H]+, 
found 292.1706. 
 
 1-(2,4-Dimethylphenoxy)-N,N-dimethylnaphthalen-2-amine (3bm’). The product 
was obtained as a light yellow amorphous solid in a 25% yield (7.3 mg, 0.025 mmol): Rf = 
0.65 in 10% EtOAc/hexanes; 1H NMR (500 MHz, CDCl3) d 7.76 (d, J = 7.5 Hz, 1H), 7.72 
(d, J = 8.2 Hz, 1H), 7.67 (d, J = 9.0 Hz, 1H), 7.34-7.29 (m, 3H), 7.06 (d, J = 1.2 Hz, 1H), 












3H); 13C NMR (100 MHz, CDCl3) d 154.2, 131.7, 131.6, 130.3, 130.2, 129.1, 127.6, 127.0, 
126.4, 125.4, 125.3, 123.8, 121.4, 121.3, 119.4, 112.5, 43.0, 20.5, 16.5; IR (neat) 3005, 
2921, 2856, 2788, 1626, 1598, 1496, 1374, 1318, 1293, 1247, 1207, 1169, 1144, 1124, 
1074, 988, 808, 773, 747, 714; HRMS (ESI) m/z = 292.1701 calcd for C20H22NO [M+H]+, 
found 292.1719. 
Following the general procedure for 20 h with 2-N,N-dimethylaminonaphthalene and 
3,4,5-trimethylphenol, a mixture of the C-C and C-O coupling products was obtained: 
 
2-(2-(Dimethylamino)naphthalen-1-yl)-3,4,5-trimethylphenol (3bn). The C-C 
product was obtained as a light orange amorphous solid in a 21% yield (6.4 mg, 0.021 
mmol): ): Rf = 0.32 in 10% EtOAc/hexanes; 1H NMR (500 MHz, CDCl3) d 7.86 (d, J = 9.0 
Hz, 1H), 7.79 (d, J = 8.0 Hz, 1H), 7.43 (d, J = 9.0 Hz, 1H), 7.35-7.29 (m, 3H), 6.81 (s, 
1H), 6.03 (s, 1H), 2.70 (s, 6H), 2.36 (s, 3H), 2.21 (s, 3H), 1.83 (s, 3H); 13C NMR (100 
MHz, CDCl3) d 150.9, 144.0, 137.1, 136.5, 133.7, 130.1, 129.3, 127.9, 127.4, 126.7, 125.1, 
124.4, 124.2, 123.0, 118.4, 115.8, 43.6, 20.9, 18.2, 15.5; IR (neat) 3187, 3056, 2923, 1655, 
1618, 1598, 1505, 1458, 1415, 1376, 1342, 1307, 1242, 1170, 1151, 1081, 1040, 812, 751, 










N,N-Dimethyl-1-(3,4,5-trimethylphenoxy)naphthalen-2-amine (3bn’). The C-O 
product was obtained as an orange amorphous solid in a 61% yield (18.4 mg, 0.060 mmol): 
Rf = 0.64 in 10% EtOAc/hexanes; 1H NMR (500 MHz, CDCl3) d 7.83 (d, J = 8.3 Hz, 1H), 
7.78 (d, J = 8.1, 1H), 7.68 (d, J = 9.0 Hz, 1H), 7.35-7.28 (m, 3H) 6.47 (s, 2H), 2.92 (s, 6H), 
2.18 (s, 6H), 2.09 (s, 3H); 13C NMR (100 MHz, CDCl3) d 155.8, 142.1, 138.5, 137.5, 129.7, 
129.5, 127.9, 127.5, 126.3, 125.3, 123.6, 121.4, 119.3, 114.0, 42.8, 20.8, 14.7; IR (neat) 
3050, 2950, 2910, 2860, 1627, 1600, 1505, 1479, 1443, 1375, 1351, 1299, 1285, 1258, 
1225, 1192, 1168, 1142, 1127, 1078, 1016, 989, 811, 748; HRMS (ESI) m/z = 306.1858 
calcd for C21H24NO [M+H]+, found 306.1869. 
Procedure for 1.0 mmol Scale Coupling of N,N-Dimethyl-2-aminonaphthalene 
and 2-Naphthol 
 To a 100-mL round-bottomed flask open to air was added N,N-dimethyl-2-
aminonaphthalene (1.0 mmol), 2-naphthol (1.5 mmol), Cr-Salen-Cy catalyst (0.1 mmol), 
and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) (10.0 mL). The vial was capped with a 
rubber septum and stirred at room temperature for 22 h. After the reaction was complete as 
judged by TLC, silica was added to the mixture and the solvent was evaporated. The 
resultant silica was dry loaded onto a silica column and chromatographed using 10% 









HPLC Chromatograms from Determination of Chiral Selectivity 
 
 
Figure 2.12. HPLC chromatogram of 3ba. Reprinted with permission from Org. Lett.  









Figure 2.13. HPLC chromatogram of 3bb. Reprinted with permission from Org. Lett.  









Figure 2.14. HPLC chromatogram of 3bc. Reprinted with permission from Org. Lett.  
2020, 22, 1765-1770. Copyright 2020 American Chemical Society. 
Procedure for Stoichiometric oxo-Cr(V) Experiment 
To a 20-mL round bottomed flask under Ar, was added N,N-dimethyl-2-amino-
naphthalene (0.02 mmol), 2,6-di-tert-butylphenol (0.03 mmol), and 4,4’-di-tert-







Cr(V) species (0.02 mmol) was added to the reaction mixture to begin the reaction. Upon 
color change from green to orange of the solution (10 minutes), the reaction mixture was 
filtered through silica gel and concentrated. The resultant mixture was dissolved in CDCl3 
(1 mL) and analyzed by 1H NMR to determine chemical yield. 
Cyclic Voltammogram for N,N-Dimethyl-2-aminonaphthalene 
Oxidation potentials were determined in acetonitrile vs., Fe/Fe+. 
Init E (V) = 0 
High E (V) = 2.2 
Low E (V) = -2.2 
Init P/N = P 
Scan Rate (V/s) = 0.1 
Segment = 3 
Sample Interval (V) = 0.01 
Quiet Time (sec) = 2 





Figure 2.15. Cyclic voltammogram of N,N-Dimethylaminonaphthalene. Reprinted with 
permission from Org. Lett.  2020, 22, 1765-1770. Copyright 2020 American Chemical 
Society. 
Cyclic Voltammogram of Butylated Hydroxytoluene (BHT) 
Oxidation potentials were determined in acetonitrile vs., Fe/Fe+. 
Init E (V) = 0 
High E (V) = 2.2 
Low E (V) = -2.2 
Init P/N = P 
Scan Rate (V/s) = 0.1 
Segment = 3 
Sample Interval (V) = 0.01 



















Sensitivity (A/V) = 1e-4 
 
Figure 2.16. Cyclic Voltammogram of Butylated Hydroxytoluene (BHT). Reprinted with 

































Site Nucleophilicity Calculations for Coupling Partners 
DFT was used to calculate the nucleophilicities. Optimization calculations and 
population analysis were performed with Gaussian 1623 software using RB3LYP24 
functional and the basis set 6-31G11+(d,p) for all atoms. Vibrational frequencies were also 
computed to confirm the stationary points as minima (zero imaginary frequencies). 
GaussSum software25 was used to process the population analysis data and determine the 
HOMO energies. Absolute nucleophilicity was calculated from the difference between the 
HOMO of the substrate and the HOMO of tetracyanoethylene.  
 
 
23 Gaussian 16, Revision B.01, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, 
M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone, G. A. Petersson, H. Nakatsuji, X. 
Li, M. Caricato, A. V. Marenich, J. Bloino, B. G. Janesko, R. Gomperts, B. Mennucci, H. 
P. Hratchian, J. V. Ortiz, A. F. Izmaylov, J. L. Sonnenberg, D. Williams-Young, F. Ding, F. 
Lipparini, F. Egidi, J. Goings, B. Peng, A. Petrone, T. Henderson, D. Ranasinghe, V. G. 
Zakrzewski, J. Gao, N. Rega, G. Zheng, W. Liang, M. Hada, M. Ehara, K. Toyota, R. 
Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, K. 
Throssell, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. J. Bearpark, J. J. Heyd, E. N. 
Brothers, K. N. Kudin, V. N. Staroverov, T. A. Keith, R. Kobayashi, J. Normand, K. 
Raghavachari, A. P. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, J. M. Millam, 
M. Klene, C. Adamo, R. Cammi, J. W. Ochterski, R. L. Martin, K. Morokuma, O. Farkas, 
J. B. Foresman, and D. J. Fox, Gaussian, Inc., Wallingford CT, 2016. 
24 (a) Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. B 1988, 37, 785. (b) Becke, A. D. J. Chem. 
Phys. 1993, 98, 5648. (c)Becke, A. D. J. Chem. Phys. 1993, 98, 1372. 
























































Figure 2.17. Calculated site nucleophilicities of N,N-dimethylaminonaphthalene, N,N-
dimethyltoluidine, and phenols. Reprinted with permission from Org. Lett.  2020, 22, 
1765-1770. Copyright 2020 American Chemical Society. 
Procedure for Formation of Homo-Dimer of Naphthylamine 
 
N2,N2,N6',N6'-Tetramethyl-[1,2'-binaphthalene]-2,6'-diamine. To a 10-mL 
microwave vial open to air was added aniline (0.1 mmol), Cr-Salen-Cy catalyst (0.01 
mmol), and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) (1.0 mL). The vial was capped with 
a rubber septum and stirred at room temperature for 16 h. After the reaction was complete 
as judged by TLC, silica was added to the mixture and the solvent was evaporated. The 
resultant silica was dry loaded onto a silica column and chromatographed using 10% 
EtOAc/hexane to afford the product as a dark orange amorphous solid in a 92% yield (13.5 
mg, 0.050 mmol): Rf = 0.30 in 10% EtOAc/hexanes; 1H NMR (500 MHz, CDCl3) d 7.82 
(d, J = 8.9 Hz, 1H), 7.79 (d, J = 6.9 Hz, 1H), 7.78 (d, J = 7.8 Hz, 1H), 7.74 (d, J = 9.0 Hz, 
1H), 7.70 (s, 1H), 7.60 (d, J = 8.5 Hz, 1H), 7.45-7.41 (m, 2H), 7.31 (t, J = 7.4 Hz, 1H), 
7.25-7.20 (m, 2H), 7.03 (d, J = 2.0 Hz, 1H), 3.09 (s, 6H), 2.60 (s, 6H); 13C NMR (100 
MHz, CDCl3) d 149.1, 148.8, 134.0, 133.8, 132.9, 132.0, 130.2, 129.7, 129.4, 128.9, 128.2, 





2929, 2786, 1628, 1601, 1502, 1445, 1427, 1379, 1365, 1330, 1264, 1167, 1124, 968, 845, 
816, 748, 736, 694, 472; HRMS (ESI) m/z = 341.2018 calcd for C22H25N2 [M+H]+, found 
241.2043. 
Procedure for Reaction of Naphthylamine with Butylated Hydroxytoluene (BHT) 
 
2,6-Di-tert-butyl-4-((2-(dimethylamino)naphthalen-1-yl)methyl)phenol (4). To a 10-
mL microwave vial open to air was added aniline (0.1 mmol), butylated hydroxy toluene 
(0.15 mmol), Cr-Salen-Cy catalyst (0.01 mmol), and 1,1,1,3,3,3-hexafluoro-2-propanol 
(HFIP) (1.0 mL). The vial was capped with a rubber septum and stirred at room temperature 
for 16 h. After the reaction was complete as judged by TLC, silica was added to the mixture 
and the solvent was evaporated. The resultant silica was dry loaded onto a silica column 
and chromatographed using 10% EtOAc/hexane to afford the product as a dark orange 
amorphous solid in a 37% yield (14.0 mg, 0.036 mmol): Rf = 0.57 in 10% EtOAc/hexanes; 
1H NMR (500 MHz, CDCl3) d 7.95 (d, J = 8.3 Hz, 1H), 7.78-7.75 (m, 2H), 7.49 (d, J = 
8.8 Hz, 1H), 7.39-7.33 (m, 2H), 6.98 (s, 2H), 4.93 (s, 1H), 4.53 (s, 2H), 2.73 (s, 6H), 1.32 
(s, 18H); 13C NMR (100 MHz, CDCl3) d 151.5, 150.2, 135.4, 133.6, 131.9, 131.2, 130.7, 
128.1, 127.7, 125.7, 125.4, 124.9, 124.1, 119.9, 45.8, 34.3, 32.1, 30.3; IR (neat) 3645, 2955, 













CHAPTER 3.  Hydrogen Bond Strength Determination Using 
Colorimetric Sensor of Weak Hydrogen Bond Donors and 
Simplification of Method 
 
3.1. Background 
Hydrogen bonding is an important interaction throughout chemistry, including in 
catalysis,1 protein folding,2 and drug interactions.3 Despite the importance of hydrogen 
bonding in biological systems, few methods exist to quantify hydrogen bonding ability. 
Greater emphasis has been placed on obtaining various parameters, such as acidity (pKa), 
distribution coefficient (logD7.4), effective permeability (PAMPA), apparent permeability 
(Papp), plasma protein binding, and solubility to define the physiochemical properties of 
compounds of biological interest to predict potential activity in vivo.4  
 
1 Walvoord, R. R.; Huynh, P. N. H.; Kozlowski, M. C. Quantification of Electrophilic 
Activation by Hydrogen-Bonding Organocatalysts. J. Am. Chem. Soc. 2014, 136, 16055-
16065. 
2 Pace, C. N.; Fu, H.; Fryar, K. L.; Landua, J.; Trevino, S. R.; Schell, D.; Thurlkill, R. L.; 
Imura, S.; Scholtz, J. M.; Gajiwala, K.; Sevcik, J.; Urbanikova, L.; Myers, J. K.; Takano, 
K.; Hebert, E. J.; Shirley, B. A.; Grimsley, G. R. Contribution of Hydrogen Bonds to Protein 
Stability. Protein Sci. 2014, 23, 652-661. 
3 Wade, R. C.; Goodford, P. J. The Role of Hydrogen-bonds in Drug Binding. Prog. Clin. 
Biol. Res. 1989, 289, 433-444 
4 Lassalas, P.; Gay, B.; Lasfargeas, C.; James, M. J.; Tran, V.; Vijayendran, K. G.; Brunden, 
K. R.; Kozlowski, M. C.; Thomas, C. J.; Smith III, A. B.; Huryn, D. M.; Ballatore, C. 





Although pKa values have been shown to be an accurate measurement of ionization 
tendencies, which provide a good correlation of hydrogen bonding ability within a 
structurally similar set of compounds, it is not predictive across different structural classes 
of compounds.5,6 This weakness leads to a search for more representative methods for 
measuring hydrogen bonding ability, especially of weak hydrogen bond donors often found 
in biological systems. Significant progress on hydrogen bond strength quantification has 
been achieved by Abraham et al. through calorimetric titrations with N-methyl-2-
pyrrolidone in 1,1,1-trichloroethane (Figure 3.1).6,7 Additionally, they have shown similar 
results using a variety of hydrogen bond acceptors with reference donors in various 
solvents.7a,8 Alternatively, Kenny introduced a computational descriptor, Vα(r), to relate 
hydrogen bond strength with calculated electrostatic potential at a defined distance, r.5 
Though the methods employed by Abraham and Kenny effectively isolated hydrogen bond 
strengths, their application can be quite tedious and inappropriate for use in modern 
 
5 Kenny, P. W. Hydrogen Bonding, Electrostatic Potential, and Molecular Design. J. Chem. 
Inf. Model. 2009, 49, 1234-1244. 
6 Abraham, M. H.; Duce, P. P.; Morris, J. J.; Taylor, P. J. Hydrogen Bonding Part 2. 
Equilibrium Constants and Enthalpies of Complexation for 72 Monomeric Hydrogen-bond 
Acids with N-Methylpyrrolidinone in 1,1,1-Trichloroethane. J. Chem. Soc., Faraday 
Trans. 1. 1987, 83, 2867-2881. 
7 (a) Abraham, M. H.; Grellier, P. L.; Prior, D. V.; Morris, J. J.; Taylor, P. J. Hydrogen 
Bonding Part 10. A Scale of Solute Hydrogen-bond Basicity using log K Values for 
Complexation in Tetrachloromethane. J. Chem. Soc. Perkin Trans. 2. 1990, 521-529. (b) 
Abraham, M. H.; Duce, P. P.; Schulz, R. A.; Morris, J. J.; Taylor, P. J.; Barratt, D. G. 
Hydrogen Bonding Part 1. Equilibrium Constant and Enthalpies of Complexation of 
Monomeric Carboxylic Acids with N- Methylpyrrolidinone in 1,1,1-Trichloroethane. J. 
Chem. Soc., Faraday Trans. 1. 1986, 82, 3501-3514. 
8  Abraham, M. H.; Grellier, P. L.; Prior, D. V.; Morris, J. J.; Taylor, P. J.; Maria, P.; Gal, J. 
Hydrogen Bonding Part 4. An Alaysis of Solute Hydrogen-bond Basicity, in Terms of 
Complexation Constants (log K), Using F1 and F2 Factors, the Principle Components of 




medicinal chemistry. Thus, it remains a pertinent goal to develop a streamlined procedure 
for measurement of hydrogen bond strength that can be easily transferred to the field of 
medicinal chemistry, specifically rational drug design. 
Further computational and experimental studies have led to the development of 
theoretical methods to quantify hydrogen bond strengths.9 Schaefer developed a method of 
quantifying hydrogen bond strengths based on interaction coordinates (HBSBIC) in which 
the hydrogen bonding interaction is reduced to a three-atom fragment and the electron 
density is calculated.9a Le Questel described a DFT method that provided hydrogen bond 
strengths of hydroxyl groups in different molecules.9b Gilli defined the pKa slide rule to be 
used to quantify hydrogen bond strengths using pKa values and the pKa equalization 
principle.9c 
New methods to quantify hydrogen bond strengths have been explored by Franz et al.10 
Using 31P NMR, the hydrogen bond strength of various classes of donors is determined by 
monitoring binding to triethylphosphine oxide (TEPO) (Figure 3.1). This method has been 
shown to be effective for phenols, alcohols, benzoic acids, ureas, squaramides, phosphoric 
acids, and boronic acids. The use of 31P NMR and TEPO to quantify hydrogen bonding 
 
9 (a) Pandey, S. K.; Manogaran, D.; Manogaran, S.; Schaefer, H. F. Quantification of 
Hydrogen Bond Strength Based on Interaction Coordinates: A New Approach. J. Phys. 
Chem. A 2017, 121, 6090−6103. (b) Graton, J.; Besseau, F.; Brossard, A.-M.; 
Charpentier, E.; Deroche, A.; Le Questel, J.-Y. Hydrogen-Bond Acidity of OH Groups in 
Various Molecular Environments (Phenols, Alcohols, Steroid Derivatives, and Amino 
Acids Structures): Experimental Measurements and Density Functional Theory 
Calculations. J. Phys. Chem. A 2013, 117, 13184−13193. (c) Gilli, P.; Pretto, L.; 
Bertolasi, V.; Gilli, G. Predicting Hydrogen-Bond Strengths from Acid−Base Molecular 
Properties. The pKa Slide Rule: Toward the Solution of a Long-Lasting Problem. Acc. 
Chem. Res. 2009, 42, 33−44. 
10 Diemoz, K. M.; Franz, A. K. NMR Quantification of Hydrogen-Bond-Activating Effects 
for Organocatalysts including Boronic Acids. J. Org. Chem. 2019, 84, 1126-1138. 
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strengths of thioureas was described by Hilt, which expanded on the Gutmann-Beckett 
method of using 31P NMR and TEPO to access the Lewis acidity of molecules.11 
Previous work in our group has led to the development of a method for the 
determination hydrogen bond strength using a colorimetric sensor, 7-methyl-2-
phenylimidazo[1,2-a]pyrazine-3-(7H)-one (Figure 3.1).1,12 UV/Vis spectroscopy was 
utilized to provide information on hydrogen bond strengths by revealing the level of 
stabilization of the HOMO and LUMO of the sensor, which results in a blue shift. 
 
Figure 3.1. Examples of organic sensors used to quantify hydrogen bond strengths. 
With this in mind, we attempted to further investigate the scope of the hydrogen bond 
donors that have not been previously analyzed by our method. We were particularly 
interested in examining weaker hydrogen bond donors, which have posed problems for 
other methods and are broadly used in medicinal chemistry development. 
 
 
11 Nödling, A. R.; Jakab, G.; Schreiner, P. R.; Hilt, G. 31P NMR Spectroscopically 
Quantified Hydrogen-Bonding Strength of Thioureas and Their Catalytic Activity in 
Diels−Alder Reactions. Eur. J. Org. Chem. 2014, 2014, 6394−6398. 
12 Nuynh, P. N. H.; Walvoord, R. R.; Kozlowski, M. C. Rapid Quantification of the 
Activating Effects of Hydrogen-Bonding Catalysts with a Colorimetric Sensor. J. Am. 


















3.2 Full Titrations of Various Hydrogen Bond Donors 
To assess the hydrogen bonding strength of various donors, full titrations were 
performed using the sensor in dichloromethane. The compounds analyzed include organic 
acids, phenols, alcohols, amides, and nitrogen-containing heterocycles. These titrations are 
accomplished by UV-Vis spectroscopy. The maximum wavelength (λmax) of the senor is 
measured as increasing equivalents of the hydrogen bond donor are added. Plotting λmax 
versus equivalents yields a titration curve. From these curves, the equilibrium constant 
(Keq) for the hydrogen bonding interaction can be obtained. At saturation, a minimum 
wavelength (λsatd), or maximum wavelength shift (Δλmax), is obtained that correlates to the 
maximum stabilization energy of the hydrogen bonding interaction. A plot of ln(Keq) 
versus the total wavelength shift in terms of energy, ((1/lsaturated) – (1/linitial)) ´ 104, reveals 
that the change in energy (change in HOMO-LUMO gap) that occurs between free sensor 
and sensor bound to donor at saturation does indeed correlate to the energy of the hydrogen 
bonding interaction. 
From the titrations, the new data obtained was collated together with all the data from 
titrations performed in our laboratory previously by Dr. Ryan Walvoord, Van Tran, and 
summer high school students, Olivia Landas, Anisha Devas, and Ava Rosenberger (see 
Experimental Section for compiled data). The hydrogen bond strength data is shown by a 
plot of ln(Keq) versus the total wavelength shift in terms of energy, ((1/lsaturated) – (1/linitial)) 




Figure 3.2. A plot of ln(Keq) versus observed wavelength shift for titrated compounds. 
Blue points correspond to organic acids. Red points correspond to phenols and alcohols. 
Pink points correspond to amide and thioamide. Black points correspond to nitrogen-
containing heterocycles.  
Various organic acids were titrated to determine the hydrogen bond strength of each 
compound (Figure 3.3). Interestingly, phosphonic acid (1) and phosphinic acid (2) were 
both found to be only moderately hydrogen bonding even though the pKa values of both 
are low (1-2 in H2O). This result provides further support for the hazards of using pKa to 
estimate hydrogen bond strength. Carboxylic acid-containing compounds (3-5) were found 
to be some of the strongest hydrogen bond donors. The ortho-methoxy group in 7 was 
found to have a significant effect on hydrogen bond strength, with 7 being the weakest 


















































Figure 3.3. Organic acids titrated by our method. 
Next, a set of phenols and alcohols were analyzed (Figure 3.4). The steric bulk from 
two ortho- substituents flanking the -OH was found to lessen hydrogen bond strength, with 
8 and 9 being the weakest phenols analyzed. One ortho- substituent was not as detrimental, 
with 10, 12, and 17 all stronger hydrogen bond donors than 8 and 9, but weaker than all 
other phenols tested. Unsurprisingly, in the set of para-substituted phenols (13-16), a 
strong correlation could be seen between ln(Keq) and para-Hammett parameters, 
suggesting that the electronic effects of the substituents have the strongest effect on 
hydrogen bond strength (Figure 3.5). However, when analyzing the set of ortho-substituted 
phenols (17-21), a correlation between ln(Keq) and resonance Hammett parameters (R) was 
seen (Figure 3.6).13 This correlation suggests that electronics has a stronger effect than 
sterics in mono ortho-substituted phenols. Naphthol, 24, was found to be a stronger 
hydrogen bond donor than most phenols analyzed, which aligns with acidity. The strongest 
alcoholic hydrogen bond donor analyzed was 25, which has been noted for its strong 
hydrogen bonding ability.14 
 
13 Hansch, C.; Leo, A.; Taft, R. W. A survey of Hammett substituent constants and 
resonance and field parameters. Chem. Rev. 1991, 91, 165-195. 
14 Purcell, K. F.; Stikeleather, J. A.; Brunk, S. D. Spectrcscopic studies of hydrogen 

























Figure 3.4. Phenols and alcohols titrated using our method. 
 
Figure 3.5. A correlation plot of hydrogen bonding strength of para-substituted phenols 
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Figure 3.6. A correlation plot of hydrogen bond strength of ortho-substituted phenols 
with resonance Hammett parameters. A few data points were obtained by Avalon 
Rosenberger. 
To probe the effect of substituting a sulfur atom for an oxygen in amides, 26 and 27 
were analyzed (Figure 3.7). The thioacetamide was found to be a stronger hydrogen bond 
donor. 
 
Figure 3.7. Compounds analyzed by full titration to probe the effect of O versus S in 
amides. 
To provide useful data for drug-like structures, various nitrogen-containing 
heterocycles were analyzed via full titrations (Figure 3.8). The addition of more electron 
withdrawing carbonyls in 29-31 results in greater hydrogen bonding ability. The 
incorporation of additional electronegative nitrogens into the heterocycle (32-35, 37) 































Figure 3.8. Nitrogen-containing heterocycles analyzed via our method. 
To show the ineffectiveness of using pKa to evaluate hydrogen bonding ability, 
measured values for ln(Keq) obtained from titrations were plotted against known pKa values 
for those compounds. Correlations, especially for weakly acidic compounds, are poor 
(Figure 3.9). This result reinforces the need for methods to quantify hydrogen bonding 
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Figure 3.9. Lack of correlation of hydrogen bond strengths (ln(Keq) with known pKa 
values.1,15 
3.3 Simplification of the Method to Single Point Measurements 
Although the full titration method is fairly simple, cases may arise in which limited 
amount of donor are available and full titrations cannot be carried out (56 mg are needed 
to obtain titration data of 250 MW compound in a 1 mL cuvette). To circumvent this issue, 
an even more simplified method was developed. To evaluate the relationships between 
ln(Keq) and wavelength shifts with different donor amounts, Van Tran plotted ln(Keq) 
versus 1/lmax at 100, 1000, and 10000 equivalents of hydrogen bond donor obtained from 
the titration curves on a subset of compounds. Additionally, to accommodate experimental 
error, the data was analyzed by three methods: polynomial interpolation, sigmoidal fit with 
limits interpolation, and natural exponential fit interpolation. With the first method, the Keq 
 
15 Bordwell, F. G. Equilibrium acidities in dimethyl sulfoxide solution. Acc. Chem. Rev. 



















and λmax values were obtained by simple polynomial interpolation between the two nearest 
data points. With the second method, Keq and λmax values were obtained from interpolation 
along a sigmoidal curve generated by least squares fitting of a sigmoidal equation with 
upper and lower asymptote limits imposed using the titration’s λ0 and λsatd values from the 
titration, respectively. The third method of data analysis obtains the Keq values from the 
polynomial interpolation method and the λmax values by the least squares fitting to the 
natural exponential function.  The same analysis was carried out on the compounds I 
titrated and was compiled with all the compounds titrated in our laboratory. 
The results of these plots are shown below in Figure 3.10 with linear fits illustrated for 
Figure 3.10d-i. Although plots a-c corresponding to 100 equivalents of hydrogen bond 
donor relative to sensor could not be linearly fitted to afford a simple correlation, these 
plots are useful in providing general information about hydrogen bond strengths. 
Compounds with ln(Keq) values less than 6 can be viewed as weak hydrogen bond donors, 
while values greater than 6 correspond to strong hydrogen bond donors. The information, 
though preliminary, can be sufficient to decide whether the structural motif satisfied the 
constraints of the user (strong versus weak hydrogen bond donor). If not, further 
investigation is needed with 1000 equiv. A superior linear correlation (R2 of 0.9148-0.9320 
for the three methods) is observed in Figures 10d-f, which correspond to 1000 equiv. Using 
these plots, the hydrogen bond strengths of a wide range of compounds, both weak and 
strong donors, can be effectively estimated. If the compound continues to show minimal 
shifting of λmax with 1000 equiv, addition of 10000 equiv can more accurately gauge 
hydrogen bond strength. However, 10000 equiv only provides differentiation for the 
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weakest of donors (Figures 10g-i). Most compounds titrated reached the point of saturation 

















































(1/λ, ln Keq) - (Nat Exp, No Fit)
c.)




































(1/λ, ln Keq) - Sig
e.)




































(1/λ, ln Keq) - No Fit
g.)





















Figure 3.10. Plots of ln(Keq) vs 1/lmax at 100, 1000, and 10000 equivalents of hydrogen 
bond donor relative to sensor for all compounds titrated thus far. (a) Plot with polynomial 
fitting at 100 equivalents. (b) Plot with sigmoidal fitting at 100 equivalents. (c) Plot with 
natural exponential fitting at 100 equivalents. (d) Plot with polynomial fitting at 1000 
equivalents. (e) Plot with sigmoidal fitting at 1000 equivalents. (f) Plot with natural 
exponential fitting at 1000 equivalents. (g) Plot with polynomial fitting at 10000 
equivalents. (h) Plot with sigmoidal fitting at 10000 equivalents. (i) Plot with natural 
exponential fitting at 10000 equivalents. 
Thus, a simplified method has been developed for practical use to determine hydrogen 
bond strength through correlation of intersections along titration curves and binding 
constants. By using these correlations, the need to reach saturation can be avoided, and a 
faster determination of hydrogen bond strength can be achieved by a single point 
measurement at 1000 equivalents for most compounds. For very weak hydrogen bond 
donors, a single point measurement at 10000 equivalents is the best assessment tool.  




















3.4 Improved Method for Obtaining Hydrogen Bond Data by Double and 
Triple Point Measurements 
For more accurate determination of binding constants without performing full 
titrations, another method was developed. Using a multiple linear regression approach, 
formulas were determined for all three methods after Keq and λmax values were calculated 
for each fitting method at 100, 1000, and 10000 equiv in the same manner as the correlation 
plots as described in the prior section. These formulas and their linear plots appear in Figure 
3.11 below with x1, x2, and x3 being the 1/λ values at 100, 1000, and 10000 equiv of 


























Figure 3.11. Plots of ln(Keq) observed vs. ln(Keq) calculated from multiple linear 
regression formula where x1, x2, and x3 are the 1/l values at 100, 1000, and 10000 
equivalents of hydrogen bond donor, respectively. (a) Using polynomial titration curve 
fitting with ln(Keq) observed and 1/l derived from simple linear interpolation between the 
nearest two data points. (b) Using sigmoidal fitting of titration curves with asymptote 













































interpolation along fitted sigmoidal curve. (c) Using natural exponential fitting to derive 
1/l values. Values of ln(Keq) values from the same method as a. 
If three data points at 100, 1000, and 10000 equiv are obtained, any of the three 
formulas can be used to give a binding constant estimate. The simple polynomial 
interpolation method has the highest R2 value of 0.9533. This method provides a simplified 
method for determining accurate hydrogen bond strengths.  
Unfortunately, 10000 equiv of donor can be unavailable for hydrogen bond strength 
determination. To avoid this problem, attempts were made to determine if a method of 
estimating hydrogen bond strength is effective when obtaining λmax at 100 and 1000 equiv 
of donor. Multiple linear regressions were done of each fitting method at 100 and 1000 
equiv. These formulas and their linear plots appear in Figure 3.12 below with x1 and x2 
















































Figure 3.12. Plots of ln(Keq) observed vs ln(Keq) calculated from multiple linear 
regression formula where x1 and x2 are the 1/l values at 100 and 1000 equivalents of 
hydrogen bond donor, respectively. (a) Using polynomial titration curve fitting with 
ln(Keq) observed and 1/l derived from simple linear interpolation between the nearest 
two data points. (b) Using sigmoidal fitting of titration curves with asymptote limits 
corresponding l0 and lmax. Values of ln(Keq) observed and 1/l derived from interpolation 
along fitted sigmoidal curve. (c) Using natural exponential fitting to derive 1/l values. 
Values of ln(Keq) values from the same method as a. 
To gauge the utility of determining hydrogen bond strengths using these simplified 
methods, the predicted ln(Keq) values obtained from single, double, and triple point 
measurements were compared to experimentally determined ln(Keq) values for a subset of 
compounds (Table 3.1). Triple point measurements provided the best estimates of known 
values reproducing the relative strengths of hydrogen bonding and the absolute values with 
























measurements at 1000 equiv provide a better estimate (± 0.27) than double point 
measurements (± 0.33). Additionally, the best method for estimating hydrogen bond 
strength for triple and single point measurements is the no fit method.  
Table 3.1. Experimental and predicted ln(Keq) values for compounds from full titrations 
and single (1000 equiv), double (100 and 1000 equiv), and triple (100, 1000, and 10000 
equiv) point analysis. 
 ln(Keq) 





Benzoic Acid 4.42 
Polynomial Fit 4.19 4.01 4.24 
Sigmoidal Fit 4.10 3.83 4.05 
Natural 
Exponential Fit 4.19 4.00 4.18 
4-tert-
Butylphenol 3.76 
Polynomial Fit 3.48 3.35 3.62 
Sigmoidal Fit 3.40 3.20 3.44 
Natural 
Exponential Fit 3.47 3.35 3.57 
4-Methoxyphenol 3.70 
Polynomial Fit 3.55 3.43 3.56 
Sigmoidal Fit 3.48 3.27 3.39 
Natural 
Exponential Fit 3.54 3.42 3.47 
Dimethylmalonate 1.45 
Polynomial Fit 1.88 2.11 1.71 
Sigmoidal Fit 1.83 2.03 1.63 
Natural 
Exponential Fit 1.85 2.13 1.75 
 
3.5 Application of Single Point Method 
To show the effectiveness of the single point measurement method, hydrogen bond 
strengths were obtained for several compounds for which limited sample was available. 
Using compounds from the laboratory of Prof. Carlo Ballatore, the hydrogen bond strength 
of each was obtained from single point measurements at 1000 equiv. Notably, the strengths 
of the hydrogen bonds could be correlated to steric and electron effects. For example, 
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hydrogen bond strength was higher in compounds incorporating more electron-
withdrawing groups adjacent to the N-H, so the single point ln(Keq) values increased from 
H to Me2NSO2 to MeSO2 (42, 39, 49; 44, 43; 49, 46, 47; 51, 50; 52, 53). However, 
compounds with a phenylsulfonyl substituent were outliers in terms of hydrogen bonding 
strength versus electron-withdrawing ability, which is most likely due to steric hindrance 





Figure 3.13. Predicted ln(Keq) values for a series of compounds using single point 
measurements at 1000 equiv of hydrogen bond donor. 
The single point method has been shown to be sufficiently sensitive to differentiate 
between slight electronic variations in compounds. These slight changes are shown to have 










































































































The use of a colorimetric sensor has been shown to be an effective method of hydrogen 
bond strength determination. Full titrations can be done to measure hydrogen bonding 
capacity of a donor by determining binding constants and HOMO-LUMO gap changes. 
Upon compilation of all hydrogen bond strength data from full titrations, linear regressions 
were done with titration data from 100, 1000, and 10000 equiv of donor. From this work, 
simplified methods for determining ln(Keq) values were developed using single or triple 
point measurements. Triple point measurements can be used to obtain hydrogen bond 
strengths without the need for full titrations. If hydrogen bond donor amount is limited, 
single point measurements at 1000 equiv will provide good estimates for hydrogen bond 
strengths. The effectiveness of the single point method was shown by determining the 
hydrogen bond strengths of a set of structurally similar compounds synthesized by the 




All solvents used in titrations were distilled from CaH2 under inert atmosphere. All 
UV-Vis spectra were obtained on a Jasco V-530 UV/Vis spectrophotometer with data pitch 
of 0.1 nm and scan speed 200 nm/min. All dilutions for titrations were performed using 
volumetric flasks (grade A).  
Titrations with Sensor (S) 
The sensor was diluted to a concentration of 1.78 mM in CH2Cl2. This solution was 
used as a stock solution for future titrations. A desired concentration of 2.22 x 10-5M was 
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obtained by dilution of 25 μL of the aforementioned stock solution to 2 mL. Using this 
final solution, 500 μL was loaded into a 500 μL quartz cuvette with 1 cm path length. After 
obtaining a baseline measurement, an absorbance spectrum of the sensor solution is 
obtained in the UV-visible region (450-550 nm). The measured volume of known 
concentration of the compound under investigation in CH2Cl2 is added to the cuvette. The 
same volume is evaporated from the cuvette using a flow of argon gas to reach 500 μL of 
solution overall with the appropriate number of equivalents of compound with respect to 
sensor. Again, a UV-Vis spectrum is obtained for this new solution, and these steps are 
repeated until the endpoint of the titration is reached (indicated by a change in wavelength 
<0.3 nm). 
Titration Data Analysis 
A plot of the wavelength of maximum absorbance, lmax, versus the equivalents of 
compound present yields a titration curve from which the equilibrium constant, Keq, of the 
hydrogen bonding association between the sensor and compound can be obtained. The 
equivalents of compound present at the point of equilibrium (xeq) is first determined by 




). The value of equivalents at this point is then used to determine 
the Keq by the following formula where [sensor]total denotes the total concentration of the 
sensor present (taken as 2.22 ´ 10-5 M for all titration performed). 
𝐾!" =
1
*𝑥!" − 0.50 ∗ [𝑠𝑒𝑛𝑠𝑜𝑟]%&%'(
 



























































Entry Equivalents [catalyst] (M) 𝜆 max (nm) 
1 0 0 498.9 
2 100 0.00222 496.3 
3 200 0.00444 493.7 
4 300 0.00666 491.9 
5 400 0.00888 490 
6 500 0.0111 489.1 
7 600 0.01332 487.9 
8 800 0.01776 486.2 
9 1000 0.0222 485.5 
10 1200 0.02664 485.5 
11 1400 0.03108 485.1 
12 1600 0.03552 484.6 





























Entry Equivalents [catalyst] (M) 𝜆 max (nm) 
1 0 0 500.4 
2 2000 0.0444 496.8 
3 4000 0.0888 496 
4 6000 0.1332 495.4 
5 7000 0.1554 494.7 
6 8000 0.1776 494.9 
7 9000 0.1998 493 
8 10000 0.222 493.4 
9 12000 0.2664 490.7 
10 14000 0.3108 490.3 
11 16000 0.3552 490.2 






























Entry Equivalents [catalyst] (M) 𝜆 max (nm) 
1 0 0 499.2 
2 200 0.00444 493.4 
3 400 0.00888 487.3 
4 600 0.01332 485.3 
5 800 0.01776 484 
6 1000 0.0222 484 
7 1200 0.02664 482.8 
8 1400 0.03108 482.9 





































Entry Equivalents [catalyst] (M) 𝜆 max (nm) 
1 0 0 498.9 
2 200 0.00444 497.7 
3 600 0.01332 494.8 
4 1000 0.0222 491.7 
5 1400 0.03108 491.1 
6 1800 0.03996 489.2 
7 2200 0.04884 488.6 
8 2600 0.05772 487.4 
9 3000 0.0666 486.9 
10 3400 0.07548 486.3 
11 3800 0.08436 485.8 






























Entry Equivalents [catalyst] (M) 𝜆 max (nm) 
1 0 0 499.4 
2 351 0.0077922 494.7 
3 702 0.0155844 490 
4 1053 0.0233766 488.1 
5 1521 0.0337662 485.7 
6 1989 0.0441558 484.3 
7 2457 0.0545454 483.7 
8 2926 0.0649572 483.3 
9 3393 0.0753246 482.9 
10 3861 0.0857142 482.7 


































Entry Equivalents [catalyst] (M) 𝜆 max (nm) 
1 0 0 499.4 
2 447.75 0.00994005 497.1 
3 895.5 0.0198801 494.5 
4 1343.25 0.02982015 493.1 
5 1791 0.0397602 491.2 
6 2686.5 0.0596403 489.6 
7 3123.25 0.06933615 489.4 

































Entry Equivalents [catalyst] (M) 𝜆 max (nm) 
1 0 0 499.2 
2 2000 0.0444 497.8 
3 4000 0.0888 496.3 
4 6000 0.1332 495 
5 8000 0.1776 494.8 
6 9000 0.1998 494.6 
7 10000 0.222 494.3 
8 11000 0.2442 494.3 
9 13000 0.2886 493.8 
10 15000 0.333 493.3 
11 17000 0.3774 492.3 
12 19000 0.4218 492.3 































Entry Equivalents [catalyst] (M) 𝜆 max (nm) 
1 0 0 499.7 
2 500 0.0111 499.4 
3 1500 0.0333 499.2 
4 2500 0.0555 499.1 
5 4500 0.0999 498.5 
6 6500 0.1443 498.6 
7 8500 0.1887 498.2 
8 10500 0.2331 498 
9 13500 0.2997 496.9 
10 16500 0.3663 496.5 
11 19500 0.4329 496.6 
12 22500 0.4995 496.4 



























Entry Equivalents [catalyst] (M) 𝜆 max (nm) 
1 0 0 499.1 
2 1000 0.0222 498.5 
3 2000 0.0444 497.8 
4 4000 0.0888 495.9 
5 6000 0.1332 495.7 
6 8000 0.1776 493.6 
7 10000 0.222 492.7 
8 12000 0.2664 492.3 
9 14000 0.3108 491.4 
10 16000 0.3552 491.2 
































Entry Equivalents [catalyst] (M) 𝜆 max (nm) 
1 0 0 499.3 
2 1000 0.0222 495.6 
3 2000 0.0444 493.5 
4 2500 0.0555 491.9 
5 3000 0.0666 491.9 
6 3500 0.0777 491.1 
7 4000 0.0888 490.6 
8 4500 0.0999 490.2 
9 5000 0.111 489.7 
10 5500 0.1221 489.4 





























Entry Equivalents [catalyst] (M) 𝜆 max (nm) 
1 0 0 499.3 
2 500 0.0111 496.7 
3 1000 0.0222 493.8 
4 1500 0.0333 491.5 
5 2000 0.0444 490.3 
6 2500 0.0555 489.4 
7 3000 0.0666 488.6 
8 3500 0.0777 488 
9 4000 0.0888 487.6 
10 4500 0.0999 487.1 
11 5000 0.111 487 



























Entry Equivalents [catalyst] (M) 𝜆 max (nm) 
1 0 0 499.4 
2 2000 0.0444 494.4 
3 4000 0.0888 489.4 
4 5000 0.111 488.8 
5 6000 0.1332 488.6 
6 7000 0.1554 488.2 
7 8000 0.1776 487.9 


































Entry Equivalents [catalyst] (M) 𝜆 max (nm) 
1 0 0 499.1 
2 1000 0.0222 492.8 
3 2000 0.0444 490 
4 3000 0.0666 489.2 
5 3500 0.0777 488.9 
6 4000 0.0888 488.1 
7 4500 0.0999 487.8 



































Entry Equivalents [catalyst] (M) 𝜆 max (nm) 
1 0 0 498.9 
2 1000 0.0222 492.8 
3 2000 0.0444 489.8 
4 2500 0.0555 489 
5 3000 0.0666 488.2 
6 3500 0.0777 487.7 
7 4500 0.0999 487 
8 5500 0.1221 486.7 



































Entry Equivalents [catalyst] (M) 𝜆 max (nm) 
1 0 0 500.1 
2 100 0.00222 498.1 
3 200 0.00444 495.2 
4 300 0.00666 493.2 
5 400 0.00888 490.7 
6 500 0.0111 490.5 
7 600 0.01332 489.1 
8 700 0.01554 488.4 
9 800 0.01776 487.5 
10 900 0.01998 486.9 
11 1100 0.02442 486 
































Entry Equivalents [catalyst] (M) 𝜆 max (nm) 
1 0 0 499.4 
2 198.5 0.0044067 495.1 
3 297.75 0.00661005 493.1 
4 397 0.0088134 491.6 
5 496.25 0.01101675 490.1 
6 595.5 0.0132201 489.5 
7 694.75 0.01542345 488 
8 794 0.0176268 487.1 
9 992.5 0.0220335 485.7 
10 1191 0.0264402 485.2 
11 1389.5 0.0308469 484.7 
































Entry Equivalents [catalyst] (M) 𝜆 max (nm) 
1 0 0 498.9 
2 919.7 0.02041734 495.3 
3 1379.55 0.03062601 493.3 
4 1839.55 0.04083801 492.4 
5 2299.25 0.05104335 491.3 
6 2759.1 0.06125202 490.2 
7 3218.95 0.07146069 490.2 
8 4138.65 0.09187803 489.2 
9 5058.35 0.11229537 488.4 
10 5978.05 0.13271271 488 





























Entry Equivalents [catalyst] (M) 𝜆 max (nm) 
1 0 0 499.1 
2 282.075 0.00626207 498.2 
3 846.225 0.0187862 496.6 
4 1410.375 0.03131033 493.7 
5 1974.525 0.04383446 491.7 
6 2638.675 0.05857859 490.5 
7 3102.825 0.06888272 489.4 
8 3666.975 0.08140685 488.3 
9 4795.275 0.10645511 487.1 
10 5923.575 0.13150337 486.8 
11 8180.175 0.18159989 485.3 
12 9308.475 0.20664815 485.4 
13 10436.775 0.23169641 485 



























Entry Equivalents [catalyst] (M) 𝜆 max (nm) 
1 0 0 499.3 
2 196.75 0.00436785 495 
3 393.5 0.0087357 490.7 
4 590.25 0.01310355 488.5 
5 787 0.0174714 486.4 
6 983.75 0.02183925 486 
7 1377.25 0.03057495 485 
8 1770.75 0.03931065 484.7 



































Entry Equivalents [catalyst] (M) 𝜆 max (nm) 
1 0 0 499.4 
2 493.85 0.01096347 497.2 
3 987.7 0.02192694 491.4 
4 1481.55 0.03289041 489.6 
5 1975.4 0.04385388 488.2 
6 2469.25 0.05481735 487.4 
7 2963.1 0.06578082 486.3 
8 3456.95 0.07674429 486.1 
9 4444.65 0.09867123 485.6 

































Entry Equivalents [catalyst] (M) 𝜆 max (nm) 
1 0 0 499.1 
2 154.7 0.00343434 494.4 
3 232.05 0.00515151 492.8 
4 309.4 0.00686868 490.3 
5 386.75 0.00858585 489.9 
6 541.45 0.01202019 487.3 
7 696.14 0.01545431 486 
8 850.85 0.01888887 485.1 
9 1160.35 0.02575977 483.7 































Entry Equivalents [catalyst] (M) 𝜆 max (nm) 
1 0 0 499.3 
2 500 0.0111 495.7 
3 1000 0.0222 491.9 
4 1500 0.0333 490.5 
5 2000 0.0444 489 
6 2500 0.0555 489 
7 3000 0.0666 488.5 
8 4000 0.0888 488.4 






























Entry Equivalents [catalyst] (M) 𝜆 max (nm) 
1 0 0 498.1 
2 200 0.00444 497.4 
3 400 0.00888 495.8 
4 600 0.01332 494 
5 800 0.01776 492.4 
6 1000 0.0222 490.7 
7 1200 0.02664 489.4 
8 1400 0.03108 489.2 
9 1600 0.03552 488.6 
10 1800 0.03996 487.2 
11 2000 0.0444 487.3 





























Entry Equivalents [catalyst] (M) 𝜆 max (nm) 
1 0 0 499.4 
2 250.4 0.00555888 494.9 
3 500.8 0.01111776 490.2 
4 751.2 0.01667664 488.8 
5 1252 0.0277944 486.9 
6 1752.8 0.03891216 485.8 
7 2253.6 0.05002992 485.3 
8 2754.4 0.06114768 484.3 
9 3255.2 0.07226544 484 



































Entry Equivalents [catalyst] (M) 𝜆 max (nm) 
1 0 0 499.4 
2 126 0.0027972 495.4 
3 252 0.0055944 491.5 
4 378 0.0083916 489.7 
5 504 0.0111888 487.5 
6 630 0.013986 485.8 
7 756 0.0167832 483.9 
8 882 0.0195804 484.5 
9 1008 0.0223776 483.8 
10 1134 0.0251748 483.1 
11 1260 0.027972 482.9 
12 1512 0.0335664 482.5 
13 1764 0.0391608 481.9 
14 2016 0.0447552 482.2 
15 2268 0.0503496 481.2 
16 2520 0.055944 481.1 
























Entry Equivalents [catalyst] (M) 𝜆 max (nm) 
1 0 0 498.8 
2 1005.2 0.02231544 498.4 
3 3015.6 0.06694632 497.9 
4 7036.4 0.15620808 497.3 
5 9046.8 0.20083896 497.1 









































Entry Equivalents [catalyst] (M) 𝜆 max (nm) 
1 0 0 499.2 
2 497.6 0.01104672 498.4 
3 1490.1 0.03308022 497.8 
4 2488 0.0552336 496.5 
5 3483.2 0.07732704 495.5 
6 5473.6 0.12151392 495.1 
7 6468.8 0.14360736 494.4 
8 7464 0.1657008 494.3 
































Entry Equivalents [catalyst] (M) 𝜆 max (nm) 
1 0 0 499.2 
2 1000 0.0222 498.8 
3 3000 0.0666 498.6 
4 5000 0.111 497.8 
5 7000 0.1554 497.7 
6 9000 0.1998 497.4 
7 10000 0.222 497.1 
8 12000 0.2664 496.7 
9 14000 0.3108 496.3 
10 16000 0.3552 496 
11 18000 0.3996 495.2 


































Entry Equivalents [catalyst] (M) 𝜆 max (nm) 
1 0 0 499.3 
2 100 0.00222 499.3 
3 4000 0.0888 499.2 
4 7000 0.1554 499 






































Entry Equivalents [catalyst] (M) 𝜆 max (nm) 
1 0 0 499.6 
2 100 0.00222 499.6 
3 1000 0.0222 499.3 
4 3000 0.0666 499.4 
5 6000 0.1332 499.1 
6 10000 0.222 498.7 
7 14000 0.3108 498.5 





































Entry Equivalents [catalyst] (M) 𝜆 max (nm) 
1 0 0 499.4 
2 1000 0.0222 498 
3 3000 0.0666 496.5 
4 5000 0.111 495.3 
5 7000 0.1554 493.8 
6 9000 0.1998 493.4 
7 10000 0.222 493.4 





































Entry Equivalents [catalyst] (M) 𝜆 max (nm) 
1 0 0 499.3 
2 1000 0.0222 498.8 
3 3000 0.0666 498.1 
4 5000 0.111 497.8 
5 7000 0.1554 497.1 
6 9000 0.1998 496.8 
7 10000 0.222 496.5 
8 12000 0.2664 495.9 
9 14000 0.3108 495.4 
10 16000 0.3552 495.1 
11 18000 0.3996 495.1 
12 20000 0.444 494.4 
13 22000 0.4884 494 



































Entry Equivalents [catalyst] (M) 𝜆 max (nm) 
1 0 0 499.4 
2 100 0.00222 499.4 
3 1000 0.0222 498.4 
4 3000 0.0666 497.1 
5 5000 0.111 495.9 
6 7000 0.1554 495.1 
7 10000 0.222 493.9 



































Entry Equivalents [catalyst] (M) 𝜆 max (nm) 
1 0 0 499.3 
2 100 0.00222 499.1 
3 1000 0.0222 498 
4 3000 0.0666 495.8 
5 5000 0.111 494.7 
6 7000 0.1554 493.2 
7 9000 0.1998 492.9 
8 10000 0.222 492.2 
9 12000 0.2664 491.3 





































Entry Equivalents [catalyst] (M) 𝜆 max (nm) 
1 0 0 499.2 
2 500 0.0111 496.1 
3 1000 0.0222 492.8 
4 1500 0.0333 490.4 
5 2000 0.0444 489.4 
6 2500 0.0555 488.2 
7 3000 0.0666 488 
8 3500 0.0777 487.5 
9 4000 0.0888 487 
10 4500 0.0999 486.6 



































Entry Equivalents [catalyst] (M) 𝜆 max (nm) 
1 0 0 499.1 
2 1000 0.0222 498.8 
3 4000 0.0888 498.5 
4 6000 0.1332 497.9 
5 8000 0.1776 497.2 
6 10000 0.222 497.2 






































Entry Equivalents [catalyst] (M) 𝜆 max (nm) 
1 0 0 499.5 
2 500 0.0111 494.3 
3 1000 0.0222 491.3 
4 1500 0.0333 488.6 
5 2000 0.0444 487.9 
6 2500 0.0555 487.3 
7 3500 0.0777 486.1 
8 4500 0.0999 485.2 
9 5500 0.1221 484.8 






































Entry Equivalents [catalyst] (M) 𝜆 max (nm) 
1 0 0 499.5 
2 1000 0.0222 499.1 
3 3000 0.0666 498.6 
4 6000 0.1332 497.2 
5 8000 0.1776 496 
6 10000 0.222 494.8 
7 12000 0.2664 493.8 



































Compiled Titration Data 
 
Table 3.2. Data obtained from full titrations of each donor tested by our method. 
 
Name Structure λ satd λ eq Equiv eq Keq λ shift ln(Keq) 
butylphosphonic acid 1 484.5 491.7 309.578 145.7401 0.595738 4.981825 
phenylphosphinic acid 2 490.6 495.5 5543.623 8.126294 0.399191 2.095105 
2-iodobenzoic acid 3 482.8 491 263.5153 171.264 0.680459 5.143206 
Benzyloxyacetic Acid 4 485.5 492.2 1064.4 42.33955 0.55323 3.74572 
Methoxyacetic Acid 5 482.7 491.05 676.49886 66.63479 0.69277 4.19923 
2-phenylethylboronic 




7 492.3 495.75 5385.018 8.368768 0.280766 2.124507 
2,6-diphenylphenol 8 496.4 498.05 8529.444 5.281433 0.133037 1.664197 
2,3,6-trimethylphenol 9 491.2 495.15 5871.169 7.672898 0.322241 2.037694 
2,3,5-trimethylphenol 10 489.2 494.25 1544.768 29.16919 0.413498 3.373113 
3,5-dimethylphenol 11 487 493.15 1161.157 38.80995 0.505842 3.658677 
2-t-butyl-4-
methylphenol 12 487.8 493.6 2052.369 21.95318 0.476176 3.088912 
4-methylphenol 13 487.2 493.15 1065.525 42.29482 0.489387 3.744665 
4-methoxyphenol 14 486.6 492.75 1113.716 40.46389 0.506663 3.70041 
4-
trifluoromethylphenol 15 486 493.05 310.4157 145.3461 0.580131 4.979118 
4-
pentafluorothiophenol 16 484.5 491.95 351.2098 128.439653 0.615806 4.855459 
2-methylphenol 17 488 493.45 1472.4272 30.602767 0.447706 3.421091 
2-fluorophenol 18 485 492.05 2080.7168 21.654015 0.582492 3.075191 
2-
trifluoromethylphenol 19 484.7 492 359.5373 125.460628 0.603279 4.831992 
2-
trifluoromethoxyphenol 20 485.6 492.5 969.23155 46.4989966 0.569052 3.83943073 
2-
pentafluorothiophenol 21 483.5 491.3 316.2724 142.650355 0.646458 4.960397 
3-methoxy-5-
methylphenol 22 488.5 493.9 716.8382 62.88237 0.44279 4.141266 
2-chloro-3-
trifluoromethylphenol 23 487.1 492.6 790.2859 57.553 0.453375 4.052706 
6-Bromo-2-naphthol 24 484 491.7 497.25 90.67951 0.63713 4.50733 
1,1,1,3,3,3-Hexafluro-
2-propanol 25 481.1 490.25 366.61 123.03692 0.76176 4.81248 
Acetamide 26 497.1 497.95 2727.97 16.51532 0.06856 2.80429 
Thioacetamide 27 494.3 496.75 2266.0629 19.8825 0.19858 2.98984 
Piperidine 28 494.9 497.05 10305.085 4.371359453 0.17405096 1.47507405 
Pyrrolidine 29 499 499.15 6385.4316 7.05489861 0.01204091 1.95372221 
2-Pyrrolidone 30 498.5 499.05 6243.7169 718053365 0.04416773 1.9713737 
Succinimide 31 493.2 496.3 3197.2186 14.091026 0.25172137 2.64553814 
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Pyrrole 32 493.7 497.2 6877.9875 6.54963677 0.16990056 1.87940959 
Pyrazole 33 493.6 496.65 3946.4774 11.4154341 0.23529045 2.43496631 
Imidazole 34 491.6 495.45 3710.7536 12.1406917 0.313702 2.49656276 
Triazole 35 498.3 492.75 1030.7063 43.7242959 0.53138692 3.77790392 
Oxazolidinone 36 497.2 498.15 4918.1996 9.15977972 0.07656582 2.21482213 
Benzotriazole 37 484.6 492.05 929.32468 48.4968219 0.61555571 3.88149827 
Tetrahydroquinoline 38 493.5 496.5 7104.7721 6.340557401 0.2434045 1.84696668 
 
Compiled Titration Data 
 
Figure 3.14. Compiled data for all compounds analyzed by our method. Blue points are 

























Known pKa values and ln(Keq) 
Table 3.3. pKa and ln(Keq) values for compounds with known pKa values. 
Name ln(Keq) pKa (DMSO) 
2,4-Pentadione 1.309 13.3 
3-Methyl-2,4-pentadione 1.811 15.1 
Dimethylmalonate 1.446 15.9 
Diethylmalonate 2.045 16.4 
1,3-Cyclohexane dione 5.643 10.3 
Ibuprofen 4.376 11.6 
Naproxen 4.659 11.7 
4-Methylphenol 3.745 18.9 
4-Methoxyphenol 3.700 19.1 
H2O 0.9322 32 
(R,R)-TADDOL 2.754 29 
Diphenylthiourea 2.815 13.4 
(R)-BINOL 3.459 17.1 
4-t-Butylphenol 3.761 18 
2-Methylbenzoic acid 4.256 11.07 
Benzoic acid 4.425 11 
(CF3)2-Thiourea 4.673 10.7 
2-Chlorobenzoic acid 5.371 9.7 
Sulfonamide 6.947 12.9 
4-Nitrophenol 6.405 10.8 
(CF3)2-Urea 6.957 16.1 
2-Nitrobenzoic acid 6.718 8.66 
(CF3)3-Thiourea 6.114 9.5 
(CF3)4-Urea 9.146 13.8 
(CF3)3-Urea 7.832 14.9 
(CF3)4-Thiourea 7.479 8.5 
BF2-Urea 10.18 7.5 
Guanidinium 9.820 14 
Monoamidinium 8.114 13.2 
Bisamidinium 12.68 13.2 
Pyrrolidine 1.954 44 
2-Pyrrolidone 1.971 24 
Succinimide 2.646 14.7 
Pyrrole 1.879 23 
Pyrazole 2.435 19.8 
 
197 
Imidazole 2.497 18.6 
Triazole 3.778 13.9 
Oxazolidinone 2.215 20.8 
Benzotriazole 3.881 11.9 
 
Compiled Data for Correlation Plots 
Table 3.4. Correlation data for all compounds analyzed at 100 equiv of donor. (r denotes 
compounds analyzed by Dr. Ryan Walvoord. v denotes compounds analyzed by Van 
Tran.) 
Cpd ln Keq (no fit) ln Keq (sig fit) 1/λ (no fit) 1/λ (sig fit) 1/λ (natexp fit) 
1 4.9818249 4.87042996 0.00201542 0.00201646 0.00201579 
2 2.09510498 2.06891373 0.0020022 0.00200396 0.002001 
3 5.14320623 5.02737834 0.00201727 0.00201506 0.00201875 
4 3.74572164 3.61186809 0.00200717 0.00201233 0.00200713 
5 4.19922681 4.09862642 0.00200904 0.00201338 0.00200868 
6 3.86312579 3.80260083 0.00200455 0.00200676 0.00200428 
7 2.12450668 1.97362353 0.00200372 0.00200735 0.00200411 
8 1.66419746 1.70337218 0.00200189 0.00200185 0.00200181 
9 2.03769438 2.01069449 0.00200386 0.00200765 0.00200288 
10 3.37311302 3.21492824 0.00200462 0.00200889 0.00200481 
11 3.65867666 3.53843833 0.00200496 0.00200984 0.0020047 
12 3.088912 2.94858848 0.00200307 0.00200597 0.00200309 
13 3.74466462 3.58304014 0.00200729 0.00201226 0.00200715 
14 3.70040997 3.54096829 0.00200784 0.0020122 0.00200768 
15 4.97911779 4.49546874 0.00200976 0.0020075 0.00201018 
16 4.85545917 4.69801536 0.00201177 0.00201403 0.00201218 
17 3.42109043 3.34658648 0.00200631 0.00201103 0.00200614 
18 3.07519089 2.99877531 0.00200431 0.00200965 0.00200388 
19 4.83199199 4.79327456 0.00201281 0.00201315 0.00201361 
20 3.83943073 3.74185007 0.00200405 0.00200865 0.00200399 
21 4.96039657 4.94943864 0.00201637 0.00201776 0.00201688 
22 4.14126584 4.04632561 0.00200615 0.00200774 0.00200635 
23 4.05270626 4.02159964 0.00200906 0.0020116 0.00200866 
24 4.50733142 4.47689823 0.0020121 0.00201421 0.00201156 
25 4.81248447 4.74039234 0.00201677 0.00201936 0.00201654 
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26 2.80428843 2.72404147 0.00200505 0.00200553 0.00200497 
27 2.98983995 2.93077922 0.00200378 0.00200511 0.00200381 
28 1.47507405 1.49363225 0.00200353 0.66950884 0.0020038 
29 1.95372221 2.3806489 0.00200279 0.42005354 0.00200284 
30 1.9713737 1.96774946 0.00200184 0.50819478 0.0020016 
31 2.64553814 2.54612359 0.00200336 0.39275391 0.00200289 
32 1.87940959 1.84429139 0.00200348 0.54221367 0.00200307 
33 2.43496631 2.37973734 0.00200278 0.42021444 0.0020028 
34 2.49656276 2.536501 0.00200364 0.39424388 0.00200354 
35 3.77790392 3.63718707 0.00200588 0.27493774 0.0020057 
36 2.21482213 2.20286957 0.00200399 0.45395334 0.00200349 
37 3.88149827 3.77694079 0.00200816 0.26476454 0.00200737 
38 1.84696668 1.85296855 0.00200243 0.53967457 0.00200179 
r1 2.83329205 2.73793891 0.00200658 0.36523824 0.0020066 
r10 9.81933024 9.59375075 0.00211327 0.10423452 0.00211141 
r11 8.82965666 8.81743005 0.00211864 0.11341173 0.00209262 
r12 12.6350111 12.2882988 0.00215239 0.08137823 0.00215203 
r13 8.09828316 7.81801541 0.00210704 0.1279097 0.00211016 
r15 4.18568665 4.06903735 0.00201126 0.24575837 0.00201179 
r16 8.04126962 7.94704844 0.00210084 0.12583288 0.00210293 
r17 4.26521118 4.02055071 0.00200965 0.24872215 0.00200972 
r18 4.38837474 4.19690891 0.00201207 0.2382706 0.00201266 
r19 5.36230639 5.20401245 0.00202265 0.19215942 0.002024 
r2 4.67278544 4.78300431 0.00201532 0.20907361 0.00201515 
r20 6.72429975 6.59894653 0.00206271 0.15153934 0.00206322 
r21 6.9258603 6.75652801 0.00207469 0.14800501 0.00207258 
r22 7.27121945 7.15824628 0.00208333 0.13969902 0.00208588 
r23 8.60680124 8.50975002 0.00212675 0.11751227 0.00212839 
r24 6.44410835 6.38223522 0.00205818 0.15668492 0.00205637 
r25 3.4597093 3.21891581 0.00200706 0.31066361 0.00200689 
r26 3.74561244 3.7661011 0.00201126 0.26552659 0.00201133 
r27 4.96443419 4.83384851 0.00201572 0.2068745 0.00201761 
r28 6.40604812 6.06468948 0.00204729 0.1648889 0.00204601 
r29 6.19906212 6.18080454 0.00204708 0.16179124 0.00204864 
r3 6.11298934 6.02182105 0.00204399 0.16606272 0.00204586 
r30 2.75178424 2.57453349 0.00200562 0.38841988 0.00200266 
r31 1.61049397 1.43028751 0.00200497 0.69916013 0.00200421 
r32 4.3110166 4.25037707 0.00201126 0.23527324 0.00201086 
r33 0.93130564 0.9224514 0.00200562 1.08406795 0.0020035 
 
199 
r4 7.47673982 7.31883866 0.0020842 0.1366337 0.00208689 
r5 6.94994334 6.87124201 0.00206441 0.1455341 0.00206235 
r6 6.94842104 6.74332915 0.00206613 0.1482947 0.00206446 
r7 7.83101987 7.69845697 0.00207917 0.12989616 0.00208157 
r8 9.0908413 8.9917552 0.00208333 0.11121299 0.00208164 
r9 10.1799 10.0594371 0.00210793 0.09940914 0.00210657 
v1 1.30897672 1.24584352 0.0020057 0.80266902 0.00200566 
v10 4.31599173 4.14119597 0.00201304 0.24147614 0.00201341 
v11 4.37594119 4.17849254 0.00201287 0.23932076 0.00201361 
v12 4.65904458 4.44115692 0.00201413 0.22516655 0.00201505 
v13 2.53411748 2.4601393 0.00200596 0.40648105 0.00200492 
v14 2.39924028 2.39480037 0.00200664 0.41757134 0.00200625 
v15 3.45806301 3.38552408 0.00200823 0.29537524 0.00200825 
v16 3.75839675 3.62231706 0.00200836 0.27606639 0.00200785 
v17 4.04782555 3.94497234 0.00201062 0.2534872 0.00201111 
v18 4.0190015 3.83494201 0.0020104 0.26076014 0.00201129 
v19 2.45997953 2.38073822 0.00200725 0.42003778 0.00200813 
v2 1.81072029 1.57073887 0.00200685 0.63664306 0.00200647 
v20 3.36650904 3.15073485 0.00200912 0.31738628 0.00201052 
v21 2.82837923 2.66970162 0.00200576 0.37457369 0.00200609 
v22 3.5181116 3.39802869 0.00200926 0.29428827 0.00200953 
v23 2.21344024 2.12364113 0.0020063 0.47088935 0.00200631 
v24 3.95211089 3.75353304 0.00200855 0.26641566 0.00200935 
v25 4.3164532 4.15181089 0.00201253 0.24085875 0.00201225 
v26 6.25527386 6.13321736 0.00204733 0.16304656 0.00204769 
v27 4.25874811 4.07411142 0.00201026 0.2454523 0.002011 
v28 3.72470147 3.5870989 0.00200981 0.27877681 0.00200988 
v29 3.97512029 3.84469052 0.00200899 0.26009896 0.00200918 
v3 1.44590703 1.46476096 0.00200646 0.68270525 0.00200632 
v30 7.33023939 7.17837752 0.00206968 0.13930725 0.00207152 
v31 4.89416367 4.77372677 0.00201459 0.20947994 0.00201602 
v4 2.04524651 1.96891118 0.00200642 0.50789493 0.00200587 
v5 1.48895852 1.4302422 0.00200723 0.69918228 0.0020074 
v6 5.64307331 5.6747115 0.00202575 0.17622041 0.00203616 
v7 4.21391007 4.12789605 0.00201019 0.24225416 0.00201027 
v8 1.89538349 1.82293347 0.00200616 0.54856637 0.00200563 




Table 3.5. Correlation data for all compounds analyzed at 1000 equiv of donor. (r 
denotes compounds analyzed by Dr. Ryan Walvoord. v denotes compounds analyzed by 
Van Tran.) 
Cpd ln Keq (no fit) ln Keq (sig fit) 1/λ (no fit) 1/λ (sig fit) 1/λ (natexp fit) 
1 4.9818249 4.87042996 0.00205927 0.00206231 0.0020586 
2 2.09510498 2.06891373 0.00200477 0.0020055 0.00200444 
3 5.14320623 5.02737834 0.00206884 0.00207096 0.00206845 
4 3.74572164 3.61186809 0.00203075 0.00202702 0.00203066 
5 4.19922681 4.09862642 0.00204747 0.00204717 0.00204804 
6 3.86312579 3.80260083 0.00202321 0.00202212 0.00202398 
7 2.12450668 1.97362353 0.00200661 0.00200839 0.00200669 
8 1.66419746 1.70337218 0.0020025 0.00200232 0.00200257 
9 2.03769438 2.01069449 0.0020063 0.00200856 0.0020063 
10 3.37311302 3.21492824 0.00201732 0.00201525 0.00201747 
11 3.65867666 3.53843833 0.00202495 0.00202208 0.0020255 
12 3.088912 2.94858848 0.00201473 0.00201094 0.00201608 
13 3.74466462 3.58304014 0.0020273 0.00202377 0.00202799 
14 3.70040997 3.54096829 0.00202745 0.00202412 0.0020286 
15 4.97911779 4.49546874 0.00205534 0.00205184 0.00205565 
16 4.85545917 4.69801536 0.00205823 0.00206001 0.00205747 
17 3.42109043 3.34658648 0.00202102 0.00201923 0.00202157 
18 3.07519089 2.99877531 0.00201909 0.00201669 0.00201999 
19 4.83199199 4.79327456 0.00205948 0.00206138 0.0020576 
20 3.83943073 3.74185007 0.00203119 0.00202838 0.00203224 
21 4.96039657 4.94943864 0.00206468 0.00206685 0.00206454 
22 4.14126584 4.04632561 0.002031 0.00203122 0.00203192 
23 4.05270626 4.02159964 0.00202892 0.00203698 0.00203603 
24 4.50733142 4.47689823 0.00205122 0.00205612 0.00205179 
25 4.81248447 4.74039234 0.00206961 0.0020726 0.00206842 
26 2.80428843 2.72404147 0.00200627 0.00200609 0.00200631 
27 2.98983995 2.93077922 0.0020081 0.00200723 0.0020085 
28 1.47507405 1.49363225 0.00200442 0.66950884 0.00200445 
29 1.95372221 2.3806489 0.00200272 0.42005354 0.00200299 
30 1.9713737 1.96774946 0.00200206 0.50819478 0.00200199 
31 2.64553814 2.54612359 0.00200709 0.39275391 0.00200725 
32 1.87940959 1.84429139 0.0020045 0.54221367 0.0020043 
33 2.43496631 2.37973734 0.00200585 0.42021444 0.00200597 
 
201 
34 2.49656276 2.536501 0.0020079 0.39424388 0.0020081 
35 3.77790392 3.63718707 0.00202882 0.27493774 0.00202918 
36 2.21482213 2.20286957 0.00200415 0.45395334 0.00200441 
37 3.88149827 3.77694079 0.00203394 0.26476454 0.00203563 
38 1.84696668 1.85296855 0.00200306 0.53967457 0.00200319 
r1 2.83329205 2.73793891 0.00201288 0.36523824 0.00201292 
r10 9.81933024 9.59375075 0.00211327 0.10423452 0.00211141 
r11 8.82965666 8.81743005 0.00211864 0.11341173 0.00209262 
r12 12.6350111 12.2882988 0.00215239 0.08137823 0.00215203 
r13 8.09828316 7.81801541 0.00211416 0.1279097 0.00211124 
r15 4.18568665 4.06903735 0.00204583 0.24575837 0.00204355 
r16 8.04126962 7.94704844 0.00210615 0.12583288 0.00210344 
r17 4.26521118 4.02055071 0.00203583 0.24872215 0.0020373 
r18 4.38837474 4.19690891 0.00204332 0.2382706 0.00204424 
r19 5.36230639 5.20401245 0.00206697 0.19215942 0.00206898 
r2 4.67278544 4.78300431 0.00206528 0.20907361 0.00206513 
r20 6.72429975 6.59894653 0.00208247 0.15153934 0.00208326 
r21 6.9258603 6.75652801 0.00209205 0.14800501 0.00209053 
r22 7.27121945 7.15824628 0.00209468 0.13969902 0.00209433 
r23 8.60680124 8.50975002 0.00212675 0.11751227 0.00212843 
r24 6.44410835 6.38223522 0.00208333 0.15668492 0.00209797 
r25 3.4597093 3.21891581 0.00202184 0.31066361 0.00202292 
r26 3.74561244 3.7661011 0.00202963 0.26552659 0.00203311 
r27 4.96443419 4.83384851 0.00205804 0.2068745 0.00205941 
r28 6.40604812 6.06468948 0.002079 0.1648889 0.00207652 
r29 6.19906212 6.18080454 0.002079 0.16179124 0.00208502 
r3 6.11298934 6.02182105 0.00208507 0.16606272 0.0020854 
r30 2.75178424 2.57453349 0.00200562 0.38841988 0.00200954 
r31 1.61049397 1.43028751 0.00200642 0.69916013 0.00200637 
r32 4.3110166 4.25037707 0.00204169 0.23527324 0.0020414 
r33 0.93130564 0.9224514 0.00200562 1.08406795 0.002004 
r4 7.47673982 7.31883866 0.00209468 0.1366337 0.00209223 
r5 6.94994334 6.87124201 0.00207297 0.1455341 0.00207449 
r6 6.94842104 6.74332915 0.00208073 0.1482947 0.00207853 
r7 7.83101987 7.69845697 0.00208507 0.12989616 0.0020828 
r8 9.0908413 8.9917552 0.00208333 0.11121299 0.00208164 
r9 10.1799 10.0594371 0.00210793 0.09940914 0.00210657 
v1 1.30897672 1.24584352 0.00200642 0.80266902 0.00200653 
v10 4.31599173 4.14119597 0.00204294 0.24147614 0.00204337 
 
202 
v11 4.37594119 4.17849254 0.00204369 0.23932076 0.00204386 
v12 4.65904458 4.44115692 0.00205011 0.22516655 0.00205045 
v13 2.53411748 2.4601393 0.00200952 0.40648105 0.00201117 
v14 2.39924028 2.39480037 0.00201193 0.41757134 0.00201111 
v15 3.45806301 3.38552408 0.00201817 0.29537524 0.00201869 
v16 3.75839675 3.62231706 0.00202876 0.27606639 0.00202963 
v17 4.04782555 3.94497234 0.00204126 0.2534872 0.00204156 
v18 4.0190015 3.83494201 0.00204137 0.26076014 0.00204041 
v19 2.45997953 2.38073822 0.00201371 0.42003778 0.00201217 
v2 1.81072029 1.57073887 0.00200708 0.63664306 0.00200725 
v20 3.36650904 3.15073485 0.0020279 0.31738628 0.00202694 
v21 2.82837923 2.66970162 0.00201229 0.37457369 0.00201195 
v22 3.5181116 3.39802869 0.00202929 0.29428827 0.00202992 
v23 2.21344024 2.12364113 0.00200888 0.47088935 0.00200902 
v24 3.95211089 3.75353304 0.00203019 0.26641566 0.00202998 
v25 4.3164532 4.15181089 0.00204771 0.24085875 0.00204692 
v26 6.25527386 6.13321736 0.00207987 0.16304656 0.00208052 
v27 4.25874811 4.07411142 0.00204237 0.2454523 0.00204142 
v28 3.72470147 3.5870989 0.00202988 0.27877681 0.00202983 
v29 3.97512029 3.84469052 0.0020345 0.26009896 0.002034 
v3 1.44590703 1.46476096 0.0020068 0.68270525 0.00200668 
v30 7.33023939 7.17837752 0.00207943 0.13930725 0.00207785 
v31 4.89416367 4.77372677 0.00205152 0.20947994 0.00205206 
v4 2.04524651 1.96891118 0.00200642 0.50789493 0.00200645 
v5 1.48895852 1.4302422 0.00200803 0.69918228 0.00200892 
v6 5.64307331 5.6747115 0.00208464 0.17622041 0.00208655 
v7 4.21391007 4.12789605 0.00203775 0.24225416 0.0020384 
v8 1.89538349 1.82293347 0.00200743 0.54856637 0.00200794 







Table 3.6. Correlation data for all compounds analyzed at 10000 equiv of donor. (r 
denotes compounds analyzed by Dr. Ryan Walvoord. v denotes compounds analyzed by 
Van Tran.) 
Cpd ln Keq (no fit) ln Keq (sig fit) 1/λ (no fit) 1/λ (sig fit) 1/λ (natexp fit) 
1 4.9818249 4.87042996 0.00206398 0.00206398 0.00206484 
2 2.09510498 2.06891373 0.00203004 0.00203022 0.00202926 
3 5.14320623 5.02737834 0.00207125 0.00207125 0.00207297 
4 3.74572164 3.61186809 0.00205973 0.00205973 0.00206426 
5 4.19922681 4.09862642 0.00207168 0.00207168 0.00207254 
6 3.86312579 3.80260083 0.00204248 0.00204248 0.00204911 
7 2.12450668 1.97362353 0.00202357 0.00202366 0.0020235 
8 1.66419746 1.70337218 0.00200885 0.00200929 0.0020091 
9 2.03769438 2.01069449 0.0020292 0.00202995 0.00202823 
10 3.37311302 3.21492824 0.00204415 0.00204414 0.00204776 
11 3.65867666 3.53843833 0.00205339 0.00205339 0.00205618 
12 3.088912 2.94858848 0.00205002 0.00205001 0.00205194 
13 3.74466462 3.58304014 0.00205255 0.00205254 0.00205125 
14 3.70040997 3.54096829 0.00205508 0.00205508 0.00205584 
15 4.97911779 4.49546874 0.00205761 0.00205761 0.00206441 
16 4.85545917 4.69801536 0.00206398 0.00206398 0.00207082 
17 3.42109043 3.34658648 0.00204918 0.00204918 0.00205125 
18 3.07519089 2.99877531 0.00205965 0.00206182 0.0020618 
19 4.83199199 4.79327456 0.00206313 0.00206313 0.00206484 
20 3.83943073 3.74185007 0.00205931 0.00205931 0.00206182 
21 4.96039657 4.94943864 0.00206825 0.00206825 0.00207168 
22 4.14126584 4.04632561 0.00204792 0.00204708 0.00204918 
23 4.05270626 4.02159964 0.00205297 0.00205297 0.00207115 
24 4.50733142 4.47689823 0.00206612 0.00206612 0.00206484 
25 4.81248447 4.74039234 0.00207857 0.00207857 0.00207727 
26 2.80428843 2.72404147 0.00201164 0.00201163 0.00201162 
27 2.98983995 2.93077922 0.00202306 0.00202305 0.00202464 
28 1.47507405 1.49363225 0.00201164 0.00201175 0.00201154 
29 1.95372221 2.3806489 0.002004 0.00200401 0.00200414 
30 1.9713737 1.96774946 0.00200511 0.00200523 0.00200478 
31 2.64553814 2.54612359 0.0020273 0.00202708 0.00202679 
32 1.87940959 1.84429139 0.00201456 0.00201489 0.00201427 
33 2.43496631 2.37973734 0.00202422 0.00202488 0.00202425 
 
204 
34 2.49656276 2.536501 0.00203157 0.00203261 0.00203152 
35 3.77790392 3.63718707 0.00205634 0.00205634 0.00205713 
36 2.21482213 2.20286957 0.00201167 0.0020111 0.0020109 
37 3.88149827 3.77694079 0.00206356 0.00205721 0.00206269 
38 1.84696668 1.85296855 0.00202082 0.00202156 0.00202007 
r1 2.83329205 2.73793891 0.00204082 0.0020406 0.0020465 
r10 9.81933024 9.59375075 0.00211327 0.00211327 0.00211141 
r11 8.82965666 8.81743005 0.00211864 0.00208333 0.00209262 
r12 12.6350111 12.2882988 0.00215239 0.00215239 0.00215203 
r13 8.09828316 7.81801541 0.00211416 0.00211416 0.00211124 
r15 4.18568665 4.06903735 0.00206526 0.00206526 0.00206491 
r16 8.04126962 7.94704844 0.00210615 0.00210526 0.00210344 
r17 4.26521118 4.02055071 0.00205677 0.00205677 0.00205964 
r18 4.38837474 4.19690891 0.00206016 0.00206016 0.00206269 
r19 5.36230639 5.20401245 0.00207211 0.00207211 0.00207114 
r2 4.67278544 4.78300431 0.00206441 0.00206612 0.00208508 
r20 6.72429975 6.59894653 0.00208247 0.00208333 0.00208326 
r21 6.9258603 6.75652801 0.00209205 0.00209205 0.00209053 
r22 7.27121945 7.15824628 0.00209468 0.00209556 0.00209433 
r23 8.60680124 8.50975002 0.00212675 0.00212766 0.00212843 
r24 6.44410835 6.38223522 0.00208333 0.00208333 0.00209799 
r25 3.4597093 3.21891581 0.00205592 0.00205506 0.00205555 
r26 3.74561244 3.7661011 0.00205677 0.00205677 0.00205769 
r27 4.96443419 4.83384851 0.00206526 0.00206612 0.00206504 
r28 6.40604812 6.06468948 0.00207814 0.002079 0.00207653 
r29 6.19906212 6.18080454 0.002079 0.00207987 0.00208504 
r3 6.11298934 6.02182105 0.00208507 0.0020842 0.00208544 
r30 2.75178424 2.57453349 0.00203666 0.00203716 0.00203745 
r31 1.61049397 1.43028751 0.00202347 0.00202062 0.00202231 
r32 4.3110166 4.25037707 0.00205255 0.00205255 0.00208619 
r33 0.93130564 0.9224514 0.00200562 0.00200587 0.00200872 
r4 7.47673982 7.31883866 0.00209468 0.00209468 0.00209223 
r5 6.94994334 6.87124201 0.00207297 0.00207383 0.00207449 
r6 6.94842104 6.74332915 0.00208073 0.0020816 0.00207853 
r7 7.83101987 7.69845697 0.00208507 0.00208507 0.0020828 
r8 9.0908413 8.9917552 0.00208333 0.0020842 0.00208164 
r9 10.1799 10.0594371 0.00210793 0.00210793 0.00210657 
v1 1.30897672 1.24584352 0.00201167 0.00201234 0.00201326 
v10 4.31599173 4.14119597 0.00206058 0.00206058 0.00206155 
 
205 
v11 4.37594119 4.17849254 0.00206058 0.00206058 0.00206029 
v12 4.65904458 4.44115692 0.00206313 0.00206313 0.00206257 
v13 2.53411748 2.4601393 0.00203988 0.0020398 0.00203832 
v14 2.39924028 2.39480037 0.00203544 0.00203666 0.00203523 
v15 3.45806301 3.38552408 0.00203749 0.00203749 0.00204139 
v16 3.75839675 3.62231706 0.00205423 0.00205423 0.00205474 
v17 4.04782555 3.94497234 0.00206398 0.00206398 0.00206595 
v18 4.0190015 3.83494201 0.00206654 0.00206654 0.00206679 
v19 2.45997953 2.38073822 0.002034 0.002035 0.00203397 
v2 1.81072029 1.57073887 0.00201234 0.00201202 0.00201247 
v20 3.36650904 3.15073485 0.00206512 0.00206512 0.0020636 
v21 2.82837923 2.66970162 0.00203749 0.002037 0.00203824 
v22 3.5181116 3.39802869 0.00206398 0.00206398 0.00206733 
v23 2.21344024 2.12364113 0.00202521 0.00202587 0.00202495 
v24 3.95211089 3.75353304 0.00205212 0.00205212 0.00205231 
v25 4.3164532 4.15181089 0.00206612 0.00206612 0.0020682 
v26 6.25527386 6.13321736 0.00207987 0.00207987 0.00208054 
v27 4.25874811 4.07411142 0.00206058 0.00206058 0.0020619 
v28 3.72470147 3.5870989 0.00205592 0.00205592 0.00205737 
v29 3.97512029 3.84469052 0.00205634 0.00205634 0.00205842 
v3 1.44590703 1.46476096 0.00200913 0.00200912 0.00200939 
v30 7.33023939 7.17837752 0.00207943 0.00207943 0.00207785 
v31 4.89416367 4.77372677 0.00205761 0.00205761 0.00205817 
v4 2.04524651 1.96891118 0.00201086 0.00201101 0.00201058 
v5 1.48895852 1.4302422 0.00201997 0.00201924 0.00202053 
v6 5.64307331 5.6747115 0.00208464 0.00208464 0.00208712 
v7 4.21391007 4.12789605 0.00205381 0.00205381 0.00205967 
v8 1.89538349 1.82293347 0.00202368 0.00202343 0.00202323 
v9 1.61886269 1.50565645 0.00201669 0.00201552 0.00201638 
 
100, 1000, 10000 equiv Multiple Linear Regression Output 
Multiple Linear Regression Analysis was performed on the compiled titration data.  
The y variable was the ln(Keq) values obtained from each fitting method. The x variables 




No Fit Method 
 
SUMMARY OUTPUT        
     
 
   
Regression Statistics       
Multiple R 
0.976363
14       
R Square 
0.953284




54        
Standard Error 
0.481109
04        
Observations 104        
         
ANOVA         
  df SS MS F 
Significanc
e F    




56 2.3325E-66    
Residual 100 23.1465911 
0.231465
91      
Total 103 495.485065          


































6 12225.219 24794.786 











































Sigmoidal Fit Method 
 
SUMMARY OUTPUT        
         
Regression Statistics        
Multiple R 
0.971555
34        
R Square 
0.943919




38        
Standard Error 
0.519057
06        
Observations 104        
         
ANOVA         
  df SS MS F 
Significanc
e F    




41 2.1547E-62    
Residual 100 26.9420227 
0.269420
23      
Total 103 480.419379          






















































































Natural Exponential Method 
 
SUMMARY OUTPUT        
         
Regression Statistics        
Multiple R 
0.974287
9        
R Square 
0.949236




02        
Standard Error 
0.501120
2        
Observations 104        
         
ANOVA         
  df SS MS F 
Significanc
e F    




68 1.4842E-64    
Residual 100 25.1121452 
0.251121
45      
Total 103 494.693014          












































































100 and 1000 equiv Multiple Linear Regression Output 
Similar multiple linear regression analysis was done using 1/l values for 100 and 1000 
equiv of donor as the x variables. The output files are below. 
No Fit 
SUMMARY OUTPUT        
         
Regression Statistics       
Multiple R 0.971981       
R Square 0.944747        
Adjusted R 
Square 0.943653        
Standard Error 0.520635        
Observations 104        
         
ANOVA         
  df SS MS F 
Significance 
F    
Regression 2 468.1079 
234.053
9 863.473 3.08E-64    
Residual 101 27.37717 
0.27106
1      
Total 103 495.4851          












Intercept -125.84 3.186329 
-
39.4939 3.2E-63 -132.161 -119.52 -132.161 -119.52 




06 9596.489 23015.79 9596.489 23015.79 





















Sigmoidal Fit Method 
 
SUMMARY OUTPUT        
         
Regression Statistics        
Multiple R 0.967522        
R Square 0.936098        
Adjusted R 
Square 0.934833        
Standard Error 0.551324        
Observations 104        
         
ANOVA         
  df SS MS F 
Significance 
F    




5 4.77E-61    
Residual 101 30.6998 
0.30395
8      
Total 103 480.4194          
















60 -133.196 -119.485 -133.196 -119.485 




08 13227.13 26955.32 13227.13 26955.32 



























Natural Exponential Method 
 
SUMMARY OUTPUT        
         
Regression Statistics        
Multiple R 0.969875        
R Square 0.940658        
Adjusted R 
Square 0.939483        
Standard Error 0.539125        
Observations 104        
         
ANOVA         
  df SS MS F 
Significance 
F    




3 1.13E-62    
Residual 101 29.35621 
0.29065
6      
Total 103 494.693          
















62 -134.569 -121.282 -134.569 -121.282 
X Variable 1 18501.14 3519.336 
5.25699
7 8.2E-07 11519.72 25482.56 11519.72 25482.56 




24 39692.81 53166.39 39692.81 53166.39 
 
Wavelengths at 100, 1000, and 1000 Equiv of Hydrogen Bond Donor 
 
Table 3.7. Data points used for single, double, and triple point analysis of known 
compounds. 
 
 lmax (nm) 
Compound 100 equiv 1000 equiv 10000 equiv 
Benzoic Acid 497.2 490.2 483.9 
4-tert-Butylphenol 498.7 493.0 485.8 
4-Methoxyphenol 498.5 492.7 487.1 








Wavelength at 1000 Equiv of Donor for Single Point Analysis 
 
Table 3.8.  Single point data for compounds analyzed by single point method. 
 





















APPENDIX A. Experimental Protocols for Hydroperoxy 
Aldehyde (HPALD) Synthesis 
 
A1. Synthesis of 5,10,15,20-Tetrakis(2,6-dichlorophenyl)porphyrin 
 Ligand 
 
To a 500-mL three-necked flask was added dichloromethane (250 mL), 2,6-
dichlorobenzaldehyde (2.5 mmol), and pyrrole (2.5 mmol). The reaction mixture is purged 
with argon gas. Boron trifluoride ethyl etherate (2.5 M) (0.825 mmol) is added to the 
reaction mixture and stirred for 1 hour. P-chloranil (1.9 mmol) is added to the reaction 
mixture. The mixture is stirred for another 1 hour. Triethylamine (0.12 mL) was added to 
the reaction mixture. The reaction mixture was concentrated in vacuo. The resultant 
material was filtered and washed with methanol. The product was obtained as a purple 




1 Wolfe, G. M.; Crounse, J. D.; Parrish, J. D.; St. Clair, J. M.; Beaver, M. R.; Paulot, F.; 


















A2. Synthesis of Co-Porphyrin Catalyst 
 
To a 50-mL round bottomed flask was added 5,10,15,20-tetrakis(2,6-
dichlorophenyl)porphyrin (0.056 mmol) and CoCl2 (0.562 mmol) in N,N-
dimethylformamide (20 mL). The reaction mixture was stirred at reflux for 2 hours. The 
reaction was cooled to room temperature and H2O (20 mL) was added. The mixture was 
cooled to 0 °C. The resultant solid was vacuum filtered to afford the product as a black 
solid (0.0280 g, 0.0296 mmol). Spectral data were in agreement with those reported.1 
A3. Synthesis of HPALD 
 
To a 10-mL round bottomed flask was added (2E,4E)-hexa-2,4-dienal (1.04 mmol) and 
cobalt(II) 5,10,15,20-tetrakis(2,6-dichlorophenyl)porphyrin catalyst (0.000528 mmol) in 
5.2 mL of a 1:1 mixture of iso-propanol and dichloromethane. O2 gas was bubbled through 
the reaction mixture for 2 mins. An O2 balloon was affixed to the reaction vessel. 
Triethylsilane (1.14 mmol) was added to the reaction mixture. The mixture was stirred for2 
hours. The reaction mixture was concentrated in vacuo. The resultant mixture was 







































APPENDIX B. Spectroscopic Data 
 
 

















Figure A3. 1H NMR Spectrum of Compound 11 (500 MHz, CDCl3). 
 























Figure A6. 1H NMR Spectrum of Compound 15 (500 MHz, CDCl3). 
 












Figure A8. 1H NMR Spectrum of Compound 16 (500 MHz, CDCl3). 
 













Figure A10. 1H NMR Spectrum of Compound 17 (500 MHz, CDCl3). 
 














Figure A12. 1H NMR Spectrum of Compound 18 (500 MHz, CDCl3). 
 
 













Figure A14. 1H NMR Spectrum of Compound 19 (500 MHz, CDCl3). 
 












Figure A16. 1H NMR Spectrum of Compound 20 (500 MHz, CDCl3). 
 















Figure A18. 1H NMR Spectrum of Compound 21 (500 MHz, CDCl3). 
 




















Figure A20. 1H NMR Spectrum of Compound 22 (500 MHz, CDCl3). 
 
 















Figure A22. 1H NMR Spectrum of Compound 24 (500 MHz, CDCl3). 
 
 





















Figure A25. 1H NMR Spectrum of Compound 25 (500 MHz, CDCl3). 
 
 

















Figure A27. 1H NMR Spectrum of Compound 26 (500 MHz, CDCl3). 
 















Figure A29. 1H NMR Spectrum of Compound 27 (500 MHz, CDCl3). 
 
 


























Figure A32. 1H NMR Spectrum of Compound 3bb (500 MHz, CDCl3). 
 
 












Figure A34. 1H NMR Spectrum of Compound 3bc (500 MHz, CDCl3). 
 












Figure A36. 1H NMR Spectrum of Compound 3bd (500 MHz, CDCl3). 
 






























Figure A40. 1H NMR Spectrum of Compound 3bg (500 MHz, CDCl3). 
 
 














Figure A42. 1H NMR Spectrum of Compound 3bh (500 MHz, CDCl3). 
 
 























Figure A45. 1H NMR Spectrum of Compound 3ab (500 MHz, CDCl3). 
 

















Figure A47. 1H NMR Spectrum of Compound 3ca (500 MHz, CDCl3). 
 













Figure A49. 1H NMR Spectrum of Compound 3cb (500 MHz, CDCl3). 
 














Figure A51. 1H NMR Spectrum of Compound 3da (500 MHz, CDCl3). 
 













Figure A53. 1H NMR Spectrum of Compound 3db (500 MHz, CDCl3). 
 























Figure A56. 1H NMR Spectrum of Compound 3eb (500 MHz, CDCl3). 
 
 














Figure A58. 1H NMR Spectrum of Compound 3fb (500 MHz, CDCl3). 
 



























Figure A61. 1H NMR Spectrum of Compound 3gb (500 MHz, CDCl3). 
 

















Figure A63. 1H NMR Spectrum of Compound 3ha (500 MHz, CDCl3). Slight 2-naphthol 









Figure A64. 1H NMR Spectrum of Compound 3dd (500 MHz, CDCl3). 
 














Figure A66. 1H NMR Spectrum of Compound 3de (500 MHz, CDCl3). 
 
 














Figure A68. 1H NMR Spectrum of Compound 3ai (500 MHz, CDCl3). 
 
 
















Figure A70. 1H NMR Spectrum of Compound 3bj (500 MHz, CDCl3). 
 












Figure A72. 1H NMR Spectrum of Compound 3bj’ (500 MHz, CDCl3). 
 
 












Figure A74. 1H NMR Spectrum of Compound 3bi (500 MHz, CDCl3). 
 
 












Figure A76. 1H NMR Spectrum of Compound 3bi’ (500 MHz, CDCl3). 
 












Figure A78. 1H NMR Spectrum of Compound 3bk (500 MHz, CDCl3). 
 












Figure A80. 1H NMR Spectrum of Compound 3bk’ (500 MHz, CDCl3). 
 












Figure A82. 1H NMR Spectrum of Compound 3bl (500 MHz, CDCl3). 
 












Figure A84. 1H NMR Spectrum of Compound 3bl’ (500 MHz, CDCl3). 
 












Figure A86. 1H NMR Spectrum of Compound 3bm (500 MHz, CDCl3). 
 












Figure A88. 1H NMR Spectrum of Compound 3bm' (500 MHz, CDCl3). 
 














Figure A90. 1H NMR Spectrum of Compound 3bn (500 MHz, CDCl3). 
 
















Figure A92. 1H NMR Spectrum of Compound 3bn’ (500 MHz, CDCl3). 
 
















Figure A94. 1H NMR Spectrum of homo-dimer (500 MHz, CDCl3). 
 








Figure A96. 1H NMR Spectrum of Compound 4 (500 MHz, CDCl3). 
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